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Sea urchins can have a significant influence upon the ecological structure of coral 
reefs through both bioerosion of substrata and by affecting competition for space. 
Loss of reef structure can limit space for algal and coral recruitment which further 
alters the balance between reef growth and reef destruction. Urchins are important 
grazers in many marine systems and can cause major ecosystem changes when their 
numbers reach high levels  (generally after a decline in the numbers of their fish 
predators). However, the relative importance of the role of urchins in influencing the 
composition and structure of coral reef habitats has rarely been explored. 
 
This thesis investigated the habitat preferences, distribution, grazing, bioerosion, and 
behaviour  of the grazing urchin Echinometra mathaei  at Ningaloo Marine Park 
(NMP), Western Australia. Coral reef habitats of the NMP were characterised using 
field surveys and validations of broad-scale hyper-spectral benthic habitat maps; the 
effects of habitat type and different closure regimes (e.g. Sanctuary zones) on urchin 
distribution and abundance were then examined and compared. This thesis represents 
the first study to quantify the grazing and consequent bioerosion rates of E. mathaei at 
Ningaloo Reef and the first to study their animistic behaviour and diurnal movement 
patterns. 
 
Data were collected from over 100 sites within the Marine Park, focussing on near 
shore, lagoonal and back reef areas within Sanctuary zones and adjacent Recreation 
zones. Data analyses indicated that the distribution of urchins was variable and 
appears not to be affected by the management zones of the park (i.e. no significant 
evidence has been found of indirect effects from fishing of known urchin predators).  
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However, habitat type had a major influence on urchin distribution; urchin 
abundances were higher on nearshore intertidal and sub-tidal reef platforms, lagoonal 
patch reefs and shallow backreef platforms than in other habitats. Data analysis 
showed strong positive correlations between urchin densities and habitats that 
contained turf algae, and a combination of limestone pavement and turf algae. 
 
Grazing and bioerosion studies demonstrated that although E. mathaei grazing plays 
an important ecological role, concomitant bioerosion may play a more central role in 
influencing the structure of coral reef communities than grazing at the NMP. Urchin, 
morphometrics and gut content analyses from different habitats in four regions of the 
NMP indicated higher mean urchin densities, size and subsequent bioerosion rates in 
southern regions than in the north of the park. Bioerosion rates from Ningaloo Reef 
(1.0  -  4.5 kg m
-2  year
-1  of CaCO3) were found to be comparable to degraded 
(overfished) reef systems in other parts of the world, but without accurate estimates of 
CaCO3 accretion rates it is difficult to determine the degree to which bioerosion is 
affecting reef growth at the NMP or if it is any more or less significant than in other 
parts of the world. Results from this study suggest that habitats at Ningaloo with high 
E. mathaei densities are more likely to be niche habitats that co-exist with other coral 
reef habitats as part of a healthy ecosystem. 
 
Video footage of diurnal movement revealed that E. mathaei did not leave their 
burrows to graze but were systematically “gardening’ turf within longitudinal burrows 
at night and sheltering from predators during the day. Observations of animistic 
behaviour experiments showed that they would also defend their burrows when 
threatened by intruding conspecifics but the majority of interactions would result in  
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urchins coexisting in the same longitudinal burrow. This type of territorial grazing 
behaviour within long, tube-like burrows has been documented for other urchin 
species (e.g. the northern Atlantic echinoid, E. lucunter) but never for E. mathaei. 
Defence of (and sharing of) longitudinal burrows may also be associated with other 
predation avoidance behaviour. 
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1: General Introduction 
 
Coral reef systems around the World are at risk from numerous threats and have been 
in a state of decline for several decades (Hughes et al. 2003, Brown-Saracino et al. 
2007). Recently the global conservation status of scleractinian (reef-building) corals 
was assessed using the International Union for Conservation of Nature (IUCN) Red 
List Criteria. The study found that almost one third of species assessed were in 
categories with elevated risk of extinction and for many corals, the threat is now much 
greater than it was a decade ago (Carpenter et al. 2008). 
 
Natural occurrences (e.g. cyclones, El Nino Southern Oscillation (ENSO) bleaching 
events and disease) and anthropogenic influences (e.g. pollution, agriculture, 
deforestation, sedimentation, overfishing, damage from anchoring and fishing gear) 
have altered the balance of coral reef ecosystems, causing declines in fish populations 
and live coral cover, and increases in macro-algal cover on reefs (Wilkinson 1999, 
McClanahan et al. 2002, Wilkinson et al. 2005, Wilkinson et al. 2006, McClanahan 
2008). Recent studies in the Caribbean (Gardner et al. 2003) and Indo Pacific (Bruno 
and Selig 2007, Halpern et al. 2008, Selkoe et al. 2009) noted that coral cover in these 
regions has declined by over 50% in the past 30 to 40 years (Maina et al. 2008). 
 
Current literature indicates that almost 60% of the World’s reefs are under threat from 
human activities (Roberts et al. 2002). Furthermore, 27% of the World’s reefs have 
already been lost through climate change related events, with the largest single cause 
being the unprecedented coral bleaching event of 1998 (Roberts et al. 2002, Hughes et  
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al. 2007, Maina et al. 2008). Coral bleaching was reported, for example at sites in  
Japan (Loya et al. 2001, Nakamura and Van Woesik 2001, Omori et al. 2001), the 
West Indian Ocean (Edwards et al. 2001, McClanahan et al. 2001, McClanahan et al. 
2002), the South Pacific (Bruno et al. 2001, Mumby et al. 2001), Eastern equatorial 
Pacific (Glynn et al. 2001) and the Caribbean (Alvarez-Filip et al. 2009). 
 
Climate change is also impacting on coral reef systems through increased ocean 
acidification. This is the reduction in seawater pH caused by the acceleration of 
oceanic uptake of atmospheric carbon dioxide (CO2), originating from human 
activities such as burning of fossil fuels (Andersson et al. 2009, Semesi et al. 2009) . 
Acidification is likely to reduce coral reef calcification and cementation (by changing 
the precipitation rate of calcium carbonate) but to date little is known about these 
processes (Manzello et al. 2008, Bates et al. 2009). 
 
Although climate change is recognised as a serious global threat to coral reef systems, 
fishing is the most common anthropogenic activity that impacts upon the marine 
environment. It has both direct and indirect effects on community structure (Pinnegar 
et al. 2000). Declines in reef fish populations due to heavy fishing pressure, especially 
in developing countries, have resulted in increases in sea urchin populations in many 
regions of the world, including the West Indian ocean (Muthiga and McClanahan 
1987,  McClanahan 1995a,  2000,  Carreiro-Silva and McClanahan 2001), the 
Caribbean (McClanahan 1999, Pinnegar et al. 2000) and the South Pacific (Jennings 
and Polunin 1997). 
 
McClanahan and others (1988, 1995a, 1999, 2000, 2001) noted that predators and  
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competing herbivorous fish exert a strong top-down control on urchins. The removal 
of these important controls can increase urchin numbers, which in turn can amplify 
rates of urchin grazing and bioerosion. This may eventually lead to further losses in 
species diversity and productivity (Harmelin-Vivien 1992) if urchin numbers remain 
above critical levels (McClanahan and Muthiga 1988). Therefore, the shift from top 
order predators and competing grazers to sea urchins as the dominant herbivore in a 
coral reef ecosystem can be the key factor that determines the condition of reefs in 
many regions of the world (Brown-Saracino et al. 2007). 
1.1 Sea urchins 
Regular sea urchins (Class Echinoidea), together with sea stars, are the best-known 
members of the phylum Echinodermata (Baker 1982). They are particularly common 
in benthic marine habitats from the intertidal to the continental shelf but are also 
known to occur in abyssal depths to 5,000 m (Baker 1982). Urchins occur in both 
hard-bottomed (rock) and soft-bottomed (sand or mud) habitats and are distributed 
worldwide (Emlet, 2002). There are some 900 species of sea urchins with around half 
the species being regular urchins. Heart urchins, sand dollars and related taxa 
comprise the other half of known echinoid species and are generally found only in 
soft bottomed habitats where they feed on sediments (Emlet 2002). 
 
Regular urchins are epifaunal in all habitats and may be herbivores, omnivores, 
scavengers or deposit feeders depending on their habitat (Emlet 2002).  They are 
mostly non-selective, opportunistic feeders that will browse on whatever is available, 
be it plant or animal material (Baker 1982). Urchins therefore have the capacity to 
heavily influence the dynamics and structure of shallow subtidal communities (Shahri 
et al. 2008). Regular urchins are the dominant echinoid in coral reefs (Bak 1994) and  
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Echinometra mathaei (de Blanville) is the most abundant herbivore on many tropical 
reefs (Mills et al. 2000, Appana and Vuki 2003). This important species can play an 
integral role in influencing the structure of coral reef communities through the 
processes of grazing and bioerosion (Mapstone et al. 2007). 
 
Urchins are generally long-lived (several years to many decades) and longevity may 
be linked to body wall size, with thicker body walls enhancing survival rates for 
adults in surf zones (Ebert 1982). Non-brooding females produce thousands to 
millions of eggs, depending on their size and species (Emlet 2002). Fecundity of 
adults also rises as size increases (Emlet, 2002). The red sea urchin 
Strongylocentrotus franciscanus (Agassiz)  for example, appears to be one of the 
longest living animals on Earth, with a possible lifespan of up to 200 years according 
to a recent study by marine zoologists at Oregon State University (Ebert and Southon 
2003). Their study noted evidence suggesting that red sea urchins do not age (and so 
do not become senescent). 
 
The processes that lead to an over-abundance of urchins in any one location are 
complex and poorly understood. Prior research suggests that unusually high increases 
in urchin numbers can be due to mass settlement of juveniles, mass adult migration or 
a combination of both (Rose et al. 1999). Unusually large settlement events or 
outbreaks can give rise to overgrazing by urchins in a variety of benthic marine 
communities such as seagrass beds (Macia and Lirman 1999,  Rose et al. 1999), 
temperate rocky reefs (Tuya et al. 2004a)  and tropical coral reefs (Muthiga and 




1.2 The trophic effects of urchin herbivory and bio-erosion. 
 
Widespread human-induced factors such as overfishing can cause alterations to food 
webs by reducing important top-down pressures, thus increasing urchin numbers 
(Jorgensen and Ibarra-Obando 2003, Tuya et al. 2005, Mumby et al. 2006, Pederson 
and Johnson 2006, Brown-Saracino et al. 2007, Heck and Valentine 2007, Eklof et al. 
2008, Salomon et al. 2008). Resultant changes in abundance and species composition 
of predators and herbivorous competitors can occur and may have important flow-on 
effects through lower trophic levels in marine benthic communities (McClanahan et 
al. 1994, Sala et al. 1998a). 
 
Therefore changes to upper trophic levels of the food web have the potential to greatly 
alter population densities at lower trophic levels by way of a number of processes 
(Lafferty 2004) and may result in trophic cascades (McClanahan 1998, Rose et al. 
1999, Pinnegar et al. 2000, Westera 2003, Alcoverro and Mariani 2004, Fina 2004, 
Mumby et al. 2006, Salomon et al. 2008). Trophic cascades are generally understood 
to refer to the top-down pressure exerted by predator species on intermediate and 
lower trophic levels in food webs to influence plant biomass (Shears and Babcock 
2003, Valentine and Duffy 2006, Brown-Saracino et al. 2007, Shears et al. 2008). A 
classic and much-cited example of cascading effects is the influence of killer whales 
on sea otter populations and their sea urchin prey to control kelp bed abundance and 
distribution in western Alaska  (Estes et al. 1978,  Estes et al. 1998). Estes and 
colleagues noted that the reduction of urchin predators (sea otters) by top order 
predators (killer whales) led to an increase in the rate of deforestation of kelp beds. 
The removal of large numbers of sea otters, which are an important keystone species, 
resulted in large scale changes to the nearshore community structure (Estes et al.  
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1998). High biodiversity within functional groups in food webs can however lessen 
the risk of these cascades (Borrvall et al. 2000). 
 
A more recent example of a community-level trophic cascade was the subject of a 
study by Lafferty (2004) in kelp forests of the Channel Islands National Park, 
California, USA. It was noted that predators such as sea otters, spiny lobsters and sea 
stars normally limited urchin populations to a level where kelp beds were able to cope 
with urchin grazing pressures. Results indicated that in areas where the main predators 
on urchins (spiny lobsters) were fished, urchin populations increased to the extent that 
they overgrazed kelp beds. Lafferty (2004) also contended that removal of top 
predators can indirectly favour the spread of disease in urchin populations by the 
increase in numbers, effectively aiding the transmission of disease from one urchin to 
another. 
 
Furthermore, two recent Australasian studies also noted that predation (by spiny 
lobsters) can play an important role in regulating sea urchin populations in kelp beds 
in marine reserves and adjacent lobster fishing areas on the east coast of Tasmania 
(Pederson and Johnson 2006) and in four marine reserves on the north-eastern coast of 
New Zealand (Salomon et al. 2008). These studies provided further evidence that the 
reduction of predatory species can lead to an increase in sea urchins, which may have 
indirect consequences at lower trophic levels, such as increased grazing and the 
concomitant increase of bioerosion of substrata (Neumann 1966, Glynn 1997). 
 
Sea urchins can also have a significant mediating influence upon the ecological 
structure of many sub-tidal habitats through grazing and bioerosion of substrata,  
7 
 
which in turn may influence competition for space (Bak 1990, McClanahan 1998, 
Mapstone et al. 2007). There have been a number of studies in recent years that have 
examined the flow-on effects of over-fishing upon urchin habitats in lagoonal coral 
reefs (i.e. increased urchin numbers and grazing), particularly in Kenya and Tanzania 
(McClanahan 1994,  McClanahan and Mutere 1994,  McClanahan 1995c,  1998, 
McClanahan et al. 2000), and the Caribbean (McClanahan 1999, Pinnegar et al. 2000, 
Mumby et al. 2006). 
 
In addition, urchin bioerosion on coral reefs has been well documented in the South 
Pacific (Bak 1990, Harmelin-Vivien et al. 1992, Peyrot-Clausade et al. 1995, Mills et 
al. 2000, Peyrot-Clausade et al. 2000, Pari et al. 2002, Appana and Vuki 2003, Dumas 
et al. 2007, Mapstone et al. 2007), Eastern Pacific (Glynn 1994, Reaka-Kudla et al. 
1996), the Caribbean (Bak 1994, Griffin et al. 2003, Brown-Saracino et al. 2007) and 
the West Indian Ocean (Muthiga and McClanahan 1987,  Carreiro-Silva and 
McClanahan 2001). Bioerosion field experiments have also recently been conducted 
on the Great Barrier Reef (Tribollet et al. 2002,  Tribollet and Golubic 2005). In 
contrast, coral reef bioerosion has not been investigated in tropical Western Australia. 
 
New research projects at Ningaloo reef in Western Australia (Westera et al. 2003, 
Westera 2003,  Webster 2007)  recently examined evidence of possible trophic 
cascades occurring in lagoonal recreational fishing areas. Westera (2003) contended 
that a trophic cascade had occurred in a recreational fishing zone. The abundances of 
the bioeroding urchin E. mathaei sampled were found to be four times greater and 
macro-algal  cover was half that of the neighbouring Sanctuary Zone (a ‘no-take’ 
zone). This was interpreted as evidence of a trophic cascade resulting from the  
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removal of urchin predator species (the Lethrinid,  Spangled Emperor) at the 
recreation zone (Westera 2003). 
 
On the other hand, Webster (2007) had contrasting results, finding no significant 
differences in urchin abundance between no-take and recreation zones in the same 
lagoonal area. Webster’s (2007) study noted that fish (particularly Scarids), rather 
than urchins, were the dominant reef herbivore at Ningaloo Marine Park. This 
disparity of findings strongly suggests that a more detailed study on the factors 
affecting the trophic ecology of urchins and in particular, the effects of increases in 
urchin populations in the Ningaloo Marine Park are required. This may then provide a 
more comprehensive understanding of the possible implications of changes to coral 
reef community structure at Ningaloo and facilitate effective management strategies 
to mitigate future negative impacts in marine protected areas. 
1.3 Marine Protected Areas 
 
Historically, coral reefs have been subjected to intense overfishing in many parts of 
the Pacific and Indian oceans, where destructive fishing practices have decimated 
some reef habitats (McClanahan 1995b,  McClanahan 2000,  Roberts et al. 2002). 
Coral reefs should therefore be a high priority for conservation. The formal 
establishment of a network of conservation areas such as marine parks and reserves 
began in 1975 when a global representative system of Marine Protected Areas 
(MPAs) was initiated by the World Conservation Union (IUCN) (Kelleher 1995). 
 
An MPA is an area specifically selected for the protection, conservation and 
maintenance of biological diversity (Siddiqui et al. 2008) and is considered to be a 
valuable tool for facilitating ecosystem-based management of no-take fishing reserves  
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(Rudd et al. 2003). Reduced fishing pressure within marine reserves can be 
instrumental (for instance) in improving reef resilience, increasing the size and/or 
abundance of important shell fish and finfish species, increasing  primary and 
secondary production and may eventually lead to positive changes in community 
structure, with beneficial spill over effects in adjacent fishing areas (Babcock et al. 
1999,  Rudd et al. 2003). Furthermore, recent studies in New Zealand noted that 
marine reserves can reverse the indirect effects of fishing to re-establish top-down 
control of benthic systems that were formerly urchin dominated barrens (Shears and 
Babcock 2002). In contrast, low numbers of predator species have been linked to high 
densities of urchins in patch reefs outside of marine reserves in Tanzania 
(McClanahan et al. 1999). 
1.4 Ningaloo Marine Park 
 
Ningaloo Marine Park (Figure 1.1) is located at Northwest Cape, Western Australia, 
in the Eastern Indian Ocean. Ningaloo reef lies within the Marine Park and extends 
south from Northwest Cape to Gnaraloo for around 290 km between 21°40’S and 
23°34’S (Westera et al. 2003). It is Australia’s longest fringing coral reef and the 
average lagoon width is about 2.5 km. The reef crest lies close to shore (~200 m) in 
some areas and as far as seven km from the shore at its outermost points, enclosing 
large lagoonal areas. The Marine Park was established in 1989 and sanctuary zones 
were implemented in 1991. Additional sanctuary zones and further extensions to the 





Figure 1.1: Locality map of Ningaloo Marine Park & Muiron Islands (including DEC 
zoning scheme) (CALM 2005).  
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1.5 Thesis aims and overview 
 
The relative importance of the role of sea urchins in influencing the composition and 
structure of coral reef habitats has rarely been explored (Mapstone et al. 2007). But to 
date no major studies have examined the ecology of urchins in the lagoonal coral reef 
habitats of Ningaloo Marine Park (NMP) at length - which is the primary focus of this 
study. This study examines the effects of different closure regimes (e.g. sanctuary 
zones) on the ecology of the burrowing urchin Echinometra mathaei, namely its 
distribution and abundance and for the first time, this study will quantify urchin 
grazing and most importantly, associated bioerosion rates in different habitats within 
the lagoonal and nearshore areas of NMP.  
 
The removal of urchin predator species by overfishing outside of sanctuary zones has 
the potential to alter the trophic structure of these areas from a top-down dominated 
stable state to an alternative, urchin barren stable state (Westera, 2003). Unusually 
high densities of urchins are capable of bioerosion rates that may exceed that of reef 
building rates and therefore can impact upon coral reef infrastructure (Appana and 
Vuki 2003). Urchin abundance can thus be a strong biological indicator of coral reef 
health within management zones and should be utilised as a monitoring tool. It is 
important for managers to be informed of any positive or negative effects that current 
management zoning has had on urchin abundance and distribution within NMP. This 
information may then be used, in conjunction with other related data, to make better 
informed decisions regarding the management of and appropriate zoning for popular 





Further examination of the factors affecting the trophic ecology of urchins and in 
particular, the effects of increases in urchin populations in the NMP are required. 
Sanctuary and recreation zones within the park provide comparative study sites to 
enable us to quantify the effects of MPAs on urchin ecology. Ningaloo Marine Park 
provides an opportunity to test hypotheses in a near-pristine tropical coral reef 
environment that has not been affected by the over-exploitation of natural resources 
common in most other tropical reef systems of the world. Furthermore, this allows for 
comparisons in reef community structure between Ningaloo and other degraded 
systems. 
 
The purpose of this study was to firstly characterise coral reef habitats of the Ningaloo 
Marine Park by utilising a combination of field validations of broad-scale hyper-
spectral benthic habitat maps (for use in this and other related projects) and additional 
finer-scale benthic surveys (Chapter 2). The following ecological questions, relating 
to the grazing urchin Echinometra mathaei within the Ningaloo Marine Park were 
then addressed: 
 
1.  What are the dominant factors  likely to affect E. mathaei  distribution and 
abundance within lagoonal areas of Ningaloo Marine Park? (Chapter 3). 
2.  How does urchin grazing and subsequent bioerosion of substrates influence 
the coral reef structure in Ningaloo Marine Park? (Chapter 4). 
3.  Does urchin burrowing behaviour influence E. mathaei grazing and their 
habitats? (Chapter 5). 
 
The closing chapter (6) highlights discussions from previous chapters, draws together 
the main outcomes of the study and provides recommendations for management. As  
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this thesis has been assembled as a set of discreet chapters, some repetition (e.g. study 
site descriptions) was unavoidable. Each chapter required an introduction to particular 




2: Characterisation of lagoonal coral reef habitats in 
Ningaloo Marine Park 
2.1 Introduction 
 
The sustainable management of coastal and coral reef environments in marine parks 
requires accurate classification and mapping of marine habitats (Drumm 2004, Phinn 
et al. 2005). In recent years, remote sensing techniques in conjunction with GIS, have 
provided cost effective methods for broad-scale mapping of coastal habitats (Robbins 
1997, Roelfsema et al. 2002, Roelfsema et al. 2006, Shears et al. 2006). A major role 
of marine reserve managers is to conserve representative examples of biodiversity 
within the reserve (Banks et al. 2005). 
 
However, the use of broad-scale maps as surrogates for biodiversity is cause for 
concern as they may not accurately provide a reliable means to assess biodiversity 
(Banks and Skilleter 2007,  McCarthy 2009). The use of broad-scale maps may 
therefore be unsatisfactory when making decisions about biodiversity conservation 
priorities because it may result in poor representation of fine-scale habitats (Banks 
and Skilleter 2007).  
 
The use of broad-scale maps of coastal marine habitats, in conjunction with fine-scale 
survey data and expert judgment would be a more effective and comprehensive 
approach to regional-scale marine conservation (Selkoe et al. 2009) and is therefore 
more likely to provide conservation managers with more reliable, representative 
information on which to base their decisions (Banks and Skilleter 2007). Such 
essential baseline data provides information to facilitate well informed decision  
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making processes that will ensure the formulation of sound management strategies, 
such as monitoring programs for coastal and coral reef systems (Phinn et al. 2005, 
Barsanti et al. 2007). 
2.1.1: Remote sensing. 
Remote sensing is an effective, non-invasive tool for documenting and monitoring 
shallow marine environments such as seagrass meadows (Robbins 1997, Pasqualini et 
al. 2003, Meehan et al. 2005, Ardizzone et al. 2006, Barsanti et al. 2007), mangroves 
(Paling et al. 2008) and shallow coral reef systems worldwide (Mumby et al. 1998, 
Andrefouet et al. 2003,  Drumm 2004,  Shapiro and Rohmann 2006,  Cassata and 
Collins 2008, Costa et al. 2009). It allows the user to effectively map habitats and 
community diversity, and assess changes over time (Andrefouet et al. 2003). Remote 
sensing data and geographical information system (GIS) models can also be utilised to 
gain an understanding of how coral communities may alter with climate change 
(Maina et al. 2008). 
 
Remote sensing has evolved in recent decades from aerial photography analyses 
(Robbins 1997, Bancroft and Sheridan 2000, Drumm 2004) to satellite imagery data 
of ever increasing accuracy and resolution. The satellite data normally used since the 
1980s (e.g. Landsat 5 and Landsat 7) for observation of coral reefs have been digital 
images with a spatial resolution of around 10 to 30 m (Andrefouet et al. 2003). More 
recently however, satellite images with a spatial resolution better than 10 m have been 
achieved by systems employing multispectral technology. For example IKONOS or 
Quickbird are capable of producing images with a spatial resolution of one to four 
metres. IKONOS data from 10 coral reef sites across the globe was used in the largest 
international cooperative remote sensing study in the World (Andrefouet et al. 2003).  
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Remote sensing technology other than satellite imagery has also been used effectively 
for assessing shallow coral reefs. For example assessment of coral reef top habitats in 
the Cook Islands was deemed to be more cost-effective if aerial colour photographs 
were taken from a light aircraft and analysed in a GIS (Drumm 2004). The small 
coastal area of Raratonga (32 km circumference) did not warrant acquiring more 
expensive satellite data to achieve the required results. Drumm (2004) noted that the 
shallow and exceptionally clear waters at his study sites, coupled with cloudless 
conditions allowed him to produce accurate reef top habitat maps from very clear high 
quality images. 
 
Additionally, Mumby and colleagues (1998) used multispectral images captured by a 
Compact Airborne Spectrographic Imager (CASI) mounted in an aircraft. The CASI 
was flown over reefs in the British West Indies and set to view 1 m pixels in 8 
spectral bands. When compared to prior studies, their results were significantly (p < 
0.001) more accurate than those obtained from satellite imagery of the same sites 
(Mumby et al. 1998). At the time, the authors noted that the use of multispectral 
imaging had considerable potential for mapping marine habitats. 
 
Other more recent collaborative studies at the U.S. National Oceanic and Atmospheric 
Administration (NOAA) suggest that the latest imagery technology such as 
multispectral and hyperspectral imaging should be used in conjunction with 
information from sensors such as airborne Light Detection and Ranging (LiDAR) and 
ship-based multibeam and sidescan sonar (Anderson 2006). This integrated approach, 
combined with traditional mapping methods such as visual interpretation of remote 
sensing imagery, would facilitate a more robust and accurate final product.  
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2.1.2: Habitat mapping at Ningaloo Marine Park. 
Recent advances in mapping techniques using Hyperspectral imagery and 
sophisticated GIS software have enabled researchers to map coral reefs on larger 
scales (10s to100s km) without compromising on spatial resolution. For example, 
hyperspectral mapping of the entire Ningaloo reef in North-western Australia began in 
2006 (Kobryn et al. 2011). This important baseline data on coral reef habitats and 
their associated benthic communities will enhance management, monitoring and 
future research within the Marine Park. 
Limited habitat mapping projects have been conducted in the Marine Park by the 
Western Australian Department of Environment and Conservation (DEC, formerly the 
Department of Conservation and Land Management (CALM)) in recent years 
(Bancroft and Sheridan 2000) and have been utilised as a basis for some management 
decisions regarding for example, location and size of sanctuary zones. In 2007/2008 
however, benthic community/substrate maps of a much higher level of detail were 
produced for some northern lagoonal areas of the Marine Park (Cassata and Collins 
2008). 
The maps were developed by using a number of map validation methods, including 
global positioning system (GPS) validation of digital aerial photographs subsequently 
analysed with GIS software (Cassata and Collins 2008). Their work generated three 
detailed habitat maps of sanctuary zones in the Northern region of the park (see 
Cassata and Collins (2008) for further details). They also provided finer-scale 
information on benthic community structure at Mandu, Osprey, Mangrove Bay, 
Lighthouse Bay and the Muiron Islands. The maps and associated benthic community  
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descriptions of the region have provided important information which will facilitate 
management of the Marine Park. 
Furthermore, a large scale hyperspectral mapping project began in 2006 which 
covered the entire Ningaloo Marine Park (Kobryn et al. 2011). The project, which 
spans almost 300 km of coastline, is currently in its final phases and to date is the 
largest single coral reef mapping survey of its kind in the world. The maps have the 
potential to provide detailed (~12 m
2 spatial resolution) information on the entire 
Marine Park. Field validation has been an integral component of the development of 
these maps; survey work carried out as part of this thesis to identify potential urchin 
habitats at Ningaloo Marine Park was also used to validate the hyperspectral images 
for the mapping project. The techniques and methods used for generating the 
Ningaloo Marine Park maps (Kobryn et al. 2011) however, are not relevant in the 
context of this study and so do not form any part of this thesis.  
To date habitat studies within Ningaloo Marine Park have been very limited (Bancroft 
and Sheridan 2000, Cassata and Collins 2008, van Keulen et al. 2008). The regular 
increase in visitors to the park in recent years (CALM 2005) has the potential to 
negatively impact on the reef system (for example, by increases in recreational fishing 
and nature-based tourism). This further emphasises the need for the provision of 
baseline habitat information to aid in the formulation of future management strategies 
for the conservation and stewardship of the park. 
 
The purpose of this current study was to therefore characterise benthic habitats 
(within 13 sanctuary zones and their neighbouring recreation zones); encompassing 
important regions within Ningaloo Marine Park, from its Northern extent at Bundegi,  
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to Red Bluff at the Southern boundary. This study will provide a further, detailed 
description of benthic community structure, utilising a combination of broad-scale 
validation and  fine-scale survey data, which will provide more reliable, essential 
baseline information to conservation managers.  
2.2 Methods 
2.2.1 Study area  
 
Ningaloo Marine Park is located at Northwest Cape, Western Australia, in the Eastern 
Indian Ocean (Figure 1.1). Ningaloo reef lies within the Marine Park and extends 
south from Northwest Cape to Gnaraloo (21°40’S to 23°34’S and 113°45’E) for 
around 290 km (Westera et al. 2003). It is Australia’s longest fringing coral reef and 
the average lagoon width is about 2.5 km. The west-facing reef system is influenced 
by both the Leeuwin Current, which transports warm nutrient poor water southward 
and the Ningaloo Current, which begins as the Capes Current in the south of Western 
Australia and transports cold nutrient rich water northward during the summer 
(Pattiaratchi 2000).  
 
The reef crest lies close to shore (~200 m) in some areas and as far as seven km from 
the shore at its outermost points, enclosing large lagoonal areas (Cassata and Collins 
2008). Lagoonal areas have an average depth of 2-4 m (CALM 2005). They are a 
widespread feature of the reef system from Jurabi Point to Cape Farquhar and include 
intermittent patch reefs and nearshore platform reefs. North of Jurabi Point, the reef 
becomes discontinuous and eventually disappears. The southern end of the reef is 
more fragmented and closer to shore, becoming a nearshore reef from Gnaraloo Bay 




Habitat surveys were conducted within 13 sanctuary zones and neighbouring 
recreation zones in Ningaloo Marine Park. In lagoonal areas, sampling was 
undertaken at nearshore, lagoon and backreef locations with additional nearshore 
surveys completed in areas North of Jurabi Point and South of Cape Farquhar (Figures 
2.1 to 2.5). 
2.2.2 Sampling approach and sites  
 
Field validation for hyperspectral mapping projects in temperate regions have 
successfully employed methods using weighted ropes to delineate nested quadrats on 
reef platforms and seagrass meadows (McDonald, 2007). The use of heavy ropes in 
coral reef habitats however is problematic, due to the high rugosities and fragile 
nature of coral reefs. A new, non-invasive approach was therefore designed using 
weighted floats attached to small ropes (~1 m long) to mark the corners of each 
quadrat, creating a nested 9 m x 9 m “mega-quadrat” divided into smaller 3 m x 3 m 
quadrats (the size of the mega-quadrat was predetermined to allow for GPS positional 
error of mapped pixels, which are approximately 3 x 3 m). 
 
Initial validation sites (nearshore, lagoon and backreef locations) were chosen at Coral 
Bay to trial sampling methods in March 2008. After successful trials, further 
validation sampling was then conducted between Tantabiddi and Yardie Creek in 
April and October 2008, and at Gnaraloo in December 2008. At the selected sites, two 
divers using SCUBA set out a mega-quadrat comprised of 16 colour-coded weighted 
floats that corresponded to the corners of each nested quadrat. The central 3 x 3 m 




To minimise bias, the same two observers were used for all mega-quadrat sampling; 
one diver recorded substrate cover while the other recorded macroinvertebrates. 
Counts were recorded in each quadrat for urchins (predominantly Echinometra 
mathaei), holothurians, tridacnid clams, the corallivorous snail (Drupella cornis) and 
other macroinvertebrates). Visual identification and estimates of % substrate cover 
was recorded using substrate categories (Table 2.1) adapted from the Australian 
Institute of Marine Science benthic life form categories which are used in their long-
term benthic monitoring programme (English et al. 1994,  Abdo et al. 2004). On 
occasions where substrate types were difficult to identify in the field (for example, 
various macroalga), photographs were taken for future reference. 
 
This method enables visual % cover estimates to be obtained, not only at a scale that 
is compatible with ground-truthing of the substrate classifications for the 
hyperspectral habitat maps, but also to provide finer-scale biodiversity data for 
floral/faunal surveys at the same time. Additional boat-based field validations were 
undertaken by targeting pre-determined areas of interest from the unvalidated 
hyperspectral images. GPS waypoints and tracks were recorded to mark outlines of 
different features and transition zones between features (e.g. limestone pavement, 
sediment patches, lagoonal coral patch reefs (bommies), macroalgae  and seagrass 
beds). A total of 2932 waypoints (including the 52 mega-quadrats) were recorded for 







Table 2.1: Benthic life form categories used for substrate cover identification in the 
field (English et al. 1994, Abdo et al. 2004).  
 
Substrate Category   Code 
Sand  S 
Sand and Microalgae  SA 
Rubble  R 
Limestone pavement  LP 
Recently dead coral   DC 
Intact Dead Coral  IDC 
Branching IDC  B-IDC 
Digitate IDC  D-IDC 
Massive IDC  M-IDC 
Tabulate IDC  T-IDC 
Turf Algae  TA 
Coralline Algae  CA 
Macroalgae  MA 
Sargassum  SR 
Dictyota  DY 
Halimeda spp.  HA 
Padina  PA 
Ulva  UL 
Seagrass  SG 
Sponge  Sp 
Branching Acropora  ACB 
Branching Acropora Blue Tip  ACBT 
Digitate Acropora  ACD 
Tabulate Acropora  ACT 
Bottlebrush Acropora  ACX 
Submassive Acropora  ACS 
Encrusting Acropora  ACE 
Massive coral  CM 
Submassive   CS 
Foliaceous non-Acropora  CF 
Mushroom coral  CMR 
Branching non-Acropora  CB 
Digitate non-Acropora  CD 
Encrusting non-Acropora  CE 












Number of  
3m quadrats 
Number of GPS 
points 
March   Coral Bay    81    22 
April   Yardie    72    124 
June-July  Coral Bay    0    1389 
October  Mandu    225    171 
December  Gnaraloo    90    1226 




2.2.3 Additional habitat surveys 
Fine-scale habitat surveys were also conducted in 2009 and 2010 (to complement 
validation data) in nearshore, lagoon and backreef locations in the Coral Bay region 
(Figure 2.2) and from Tantabiddi to Yardie Creek (Figure 2.3). Further nearshore 
sampling was also conducted from Jurabi Point to Bundegi in the north of the park 
(Figure 2.3) and from Point Farquhar to Red Bluff in the South (Figure 2.4). 
Additional sampling of back reef, lagoonal and nearshore areas at Point Cloates was 
undertaken in January 2011 to complete the surveys (Figure 2.5). 
 
Five random 50 m transects were surveyed at each site, with visual estimates of % 
cover and macroinvertebrate counts recorded for ten, 50 cm x 50 cm quadrats along 
each transect. To ensure that sampling was conducted over reasonably homogeneous 
substrates at each site, transects were swam to suit the individual site parameters (i.e. 
when sites were not compatible to swimming straight 50 m line transects, 10 quadrats 





















Figure 2.5: Sampling sites – Point Cloates Region (locations indicated by ◘). 
2.2.4 Data analysis 
Benthic life form categories (Table 2.1) that were rarely recorded throughout 
sampling were further condensed into broader categories during data collation (Table 
2.3). All algae were grouped into either turf; coralline or macroalgae (Total MA) and 
hard corals were condensed from 14 to eight categories. Intact dead corals were also 
grouped together (Total IDC). Habitat characteristics data were collated and expressed 
as mean % substrate cover (± 1SE) for each location. 
 
Mapping Validations 
Validation data collected during this study were integral to the development of the 
Ningaloo Marine Park maps. However, the data analyses techniques used for refining 
and classifying the hyperspectral images to produce these maps (see Kobryn et al., 
2011) were not an element of this study and so do not form any part of this thesis. 
Unvalidated hyperspectral images were provided as a guide for targeting validation  
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sites and the resultant classified baseline habitat maps produced broad-scale habitat 
descriptions that provided a framework for use in this study and other related 
biodiversity studies in the region (van Keulen et al. 2008).  
 Habitat data homogeneity  
Data from the 2008 validation surveys and the 2009 habitat surveys was tested for 
homogeneity of variance by using Levene’s test and further one-way Analysis of 
Variance (ANOVA) assuming normally distributed data was performed on data 
collected using both sampling methods at the same sites (n = 5). No significant 
differences were found (p > 0.05) so data were pooled for further analyses. 
Multivariate analyses 
Analyses were conducted to examine spatial trends in the substrate composition of 
benthic habitats between regions and between locations within regions (nearshore, 
lagoon and backreef) where lagoonal areas were surveyed. Multivariate analyses were 
conducted using the PRIMER v6 statistical package (Clarke and Warwick 2001). The 
tests were based on a Bray-Curtis rank similarity matrix, calculated using log(x+1) 
transformed data to downweight high abundance categories (Clarke and Warwick 
2001). Non-metric multidimensional scaling (nMDS) was used for initial 
interpretation of spatial patterns and one-way analysis of similarity (ANOSIM) was 
employed to determine any significance of spatial differences in habitat compositions 
(Clarke and Warwick 2001). A similarity percentage routine (SIMPER) (Clarke and 
Warwick 2001)  was then used to examine individual substrate categories’ 
contributions to any observed similarities in composition (within regions and 




Table 2.3: Condensed substrate categories and descriptive definitions (adapted from 
Abdo et al., 2004). 
 




Fine silt to calcareous sand <0.5 cm diameter. 
 
Sand + Microalgae  Sand mostly covered in fine microalgae. 
 
Rubble  Unconsolidated dead hard coral fragments. 
 
Limestone pavement  Consolidated limestone substrate, can be bare or 
colonised by turf or other algae < 5 cm high. 
 
Total IDC  Intact dead coral skeleton that has maintained form. 
Usually colonised by turf algae. 
  
Turf Algae  Encrusting algae <5 cm high with no apparent structural 
features. 
 
Coralline Algae  Crustose, calcareous red algae. 
 
Total MA  All macroalgae > 5 cm high (e.g. Sargassum, Padina). 
 
Seagrass  All seagrasses (e.g. Posidonia, Halophila). 
 
Sponge  All sponges. No further ID. 
 
Branching corals  Arborescent corals where branches are generally 
narrower than they are wide. Includes branching non-
Acropora and branching Acropora. 
 
Digitate corals  Short digit like branches arising from an encrusting 
base (e.g. Acropora humilis). 
 
Tabulate Acropora  Table like horizontal plate corals originating from a 
small base (e.g. A. spicifera, A. hyacinthus). 
 
Encrusting corals  Low lying colonies encrusting the substrate. 
 
Submassive corals  Irregular shaped colony. Can be rounded, bulbous or 
with column like structures (e.g. Pocillopora). 
 
Massive corals  Usually solid and hemispherical in shape (e.g. Porites). 
 
Foliaceous corals  Leaf like or floral morphology (e.g. Echinopora). 
 
Mushroom corals  Solitary mushroom-like coral 
 




Ningaloo Marine Park covers almost 300 km of coastline (Westera et al. 2003) so 
survey results have been grouped into appropriate regions, from Bundegi in the north 
to Red Bluff in the south. In lagoonal areas, habitat descriptions have been 
additionally separated into nearshore, lagoon and backreef locations (Table 2.4). 
Habitat characteristics results are expressed as mean % substrate cover (± 1SE) for 
each category, at each location.  
 
Table 2.4: Ningaloo Marine Park Major regions and sub-regions, North to South 
               (* indicates regions with lagoonal areas).  
 
Major Region  Sub-regions 
 
 
NW Cape  Bundegi  
 
North of Jurabi Point 
 
   
*Tantabiddi to   Tantabiddi 
Yardie Creek  Mangrove Bay 
  Mandu 






*Point Maude to   Coral Bay North   
Point Anderson  Coral Bay South   
   
South Ningaloo  Cape Farquhar 
  Gnaraloo Bay 
  3 mile 
   Red Bluff 




2.3.1 Site Characteristics 
(a) NW Cape Region 
Habitat surveys in this region were limited to nearshore areas because North of Jurabi 
Point,the fringing reef becomes discontinuous and eventually disappears, with no 
distinct lagoon or backreef areas (CALM 2005). Eight sites were surveyed at 
Bundegi, Lighthouse and Jurabi (four in sanctuary zones and four in adjacent 
recreational zones) within the region (Figure 2.3). 
 
Bundegi 
Bundegi Sanctuary lies on the eastern side of NW Cape in Exmouth Gulf. Nearshore 
habitats south of Bundegi beach were sampled and are typically sandy to muddy 
intertidal areas, framed by narrow beaches and intermittent mangrove stands. Sand is 
by far the dominant substrate (87%), interspersed with patches of sand covered 
limestone pavement (4.5%) with isolated outcrops of turf (4.35%) and macroalgae 
(4.15%, Figure 2.6). 
 
 
Figure 2.6: Percent cover (± 1 SE) of benthic habitats at Bundegi, using broad 



































North of Jurabi Point 
Nearshore areas at Graveyards, Baudin, Trisel, and Hunters were predominantly 
subtidal and intertidal reef platforms extending from the water's edge, framed by 
rocky shores with intermittent small sandy beaches. Reef platforms varied in width 
from around 10 m up to 50 m from the shore. Lighthouse Bay, north of Hunters also 
had extensive subtidal and intertidal reef platforms that extended up to 70 m offshore 
with the shoreline consisting of a long (~5 km) sandy beach with extensive foredunes. 
Average depths of nearshore platforms at high tide were 1.5 m.  
 
Reef platforms consisted of bare limestone pavement (32.3%) with sandy patches 
(21.3%) and the underlying pavement was covered in a mosaic of turf algae (20.8%), 
macroalgae (18.4%) and coralline algae (6.1%). Seagrass (5%) had also colonised a 




Figure 2.7: Percent cover (± 1 SE) of benthic habitats north of Jurabi, using broad 


































(b) Tantabiddi to Yardie Creek Region 
Ningaloo’s fringing reef from Tantabiddi to Yardie Creek lies offshore (between 0.3 
and 4.1 km, although average lagoon width is about 2.5 km), enclosing large lagoonal 
areas. Habitat surveys in this region were therefore stratified into nearshore, lagoon 
and backreef areas within each sub-region (Table 2.4). A total of 43 sites were 
surveyed at Tantabiddi, Mangrove Bay, Mandu and Osprey Sanctuary zones and their 
adjacent recreation zones (Figure 2.3). 
Regional Overview: Tantabiddi to Yardie Creek  
Nearshore areas consisted of limestone substrates (10.2%) predominantly covered in a 
layer of sand (25.9%) or in some locations, finer silty sand or mud, supporting patches 
of microalgae (10.1%) and macroalgae (35.3%). Intertidal or subtidal reef platforms 
were not well defined and did not support dense mosaics of turf and macroalgae, but 
rather consisted of sand covered pavement supporting small patches of turf (2.5%) 
and stands of alga such as Padina, Hinksia and Hydroclathrus.   Rubble (4.2%). Small 
intermittent patch reefs of submassive (3.3%) and branching corals (2.3%) were also 
evident at nearshore sampling sites (Figure 2.8). 
 
Figure 2.8: Regional overview of percent cover (± 1 SE) of substrate types in the 


































Lagoonal areas surveyed were mostly sand covered pavement (40.0% sand, 8.0% bare 
limestone pavement) with patches of turf (2.9%) and macroalgae (15.9%) such as 
Padina sp. Lagoonal patch reefs consisted of dead coral (11.2%) and a variety of hard 
corals such as branching (3.0%) and submassive corals (2.3%). Soft corals (2.6%) and 
cryptic sponges (< 1%) were also present in isolated colonies (Figure 2.9).  
 
Figure 2.9: Regional overview of percent cover (± 1 SE) of substrate types in the 





Backreef areas (Figure 2.10) were found to be more diverse, with much less sand 
(15.2%) and higher coverage of hard corals than nearshore and lagoonal areas. 
Tabulate Acropora (11.9%) was the most common hard coral, followed by digitate 
(5.6%) and branching corals (3.3%). Other hard corals (encrusting, submassive, 
foliaceous and massive) accounted for almost 8% of substrate cover. Limestone 
pavement (11.3%), rubble (10.9%) and dead corals (9.4%) were also widespread and 






























Figure 2.10: Regional overview of percent cover (± 1 SE) of substrate types in the 





Further descriptions of habitat characteristics (% substrate cover) for this region have 
been summarised for nearshore, lagoon and backreef areas within each of the sub-
regions (Table 2.5 overleaf). 

































Table 2.5: Regional Summary: Substrate % cover from Tantabiddi to Yardie Creek.             
Region                                                                     Area                                                                        
             
a) Tantabiddi   nearshore    lagoon    backreef   
Substrate Category  %  ± 1SE  %  ± 1SE  %  ± 1SE 
Sand  45.0  45.0  30.9  25.9  19.8  19.2 
Rubble  2.7  2.8  9.3  4.3  5.4  5.4 
Limestone pavement  12.7  12.8  7.2  2.1  12.5  12.5 
Total IDC  0.2  0.3  5.1  4.9  14.2  14.2 
Turf Algae      2.5  2.5  17.7  17.7 
Coralline Algae          0.6  0.6 
Total MA  39.0  39.0  12.3  7.3  3.7  3.7 
Sponge  0.2  0.23  0.2  0.2  1.7  1.7 
Branching corals      10.0  10.0  8.9  8.9 
Digitate corals          4.4  4.4 
Tabulate Acropora      2.5  2.5     
Encrusting corals      5.0  5.0  8.1  8.1 
Submassive corals      7.5  7.5  3.1  3.1 
Massive corals      2.5  2.5  0.4  0.4 
Foliaceous corals      5.0  5.0     
 
             
b) Mangrove Bay  nearshore    lagoon    backreef   
Substrate Category  %  ± 1SE  %  ± 1SE  %  ± 1SE 
Sand  48.2  1.8  42.5  15.0  18.2  5.2 
Rubble  5.7  2.4  2.2  1.3  21.3  11.2 
Limestone pavement  3.2  0.9  5.8  2.9  4.5  4.4 
Total IDC  0.7  0.4  11.6  5.9  9.4  4.8 
Turf Algae  1.4  0.6  5.2  3.3  10.1  3.6 
Coralline Algae  0.34  0.2  0.3  0.3  5.9  2.7 
Total MA  33.2  4.9  15.1  3.2  12.4  8.1 
Seagrass          0.3  0.3 
Sponge  6.3  5.23  0.5  0.2     
Branching corals      5.1  5.1  1.0  0.5 
Digitate corals      1.5  1.5  1.6  0.9 
Tabulate Acropora      0.6  0.6  6.7  6.7 
Encrusting corals  0.5  0.5  1.5  1.45  0.4  0.2 
Submassive corals      4.2  3.00  2.0  1.8 
Massive corals  0.4  0.4  1.1  1.1  1.1  1.4 
Foliaceous corals          0.7  0.6 
Soft Corals       2.8  2.8  4.4  3.8 






c) Mandu  nearshore    lagoon    backreef   
Substrate Category  %  ± 1SE  %  ± 1SE  %  ± 1SE 
Sand  24.5  9.8  42.3  15.5  11.2  5.1 
Sand + Microalgae  2.0  2.0         
Rubble  5.5  3.4  3.8  1.6  2.2  1.7 
Limestone pavement  10.8  3.2  22.3  8.3  19.5  4.7 
Total IDC  3.1  3.1  2.0  1.5  9.9  2.2 
Turf Algae  1.9  1.2  3.5  1.3  5.6  2.4 
Coralline Algae  1.6  1.3  0.3  0.2  0.2  0.2 
Total MA  41.9  14.3  12.2  5.5  12.4  8.1 
Sponge  1.1  0.8  0.2  0.2     
Branching corals  5.1  5.1  2.0  2.0  2.9  0.7 
Digitate corals  0.7  0.7  2.8  2.8  7.7  0.8 
Tabulate Acropora      4.3  4.3  13.6  4.2 
Encrusting corals  0.8  0.8  1.4  0.9  4.00  1.8 
Submassive corals  1.1  1.1  1.8  1.8  3.8  2.6 
Massive corals  0.1  0.1  0.8  0.7  2.1  0.7 
Foliaceous corals          2.8  1.8 
Soft Corals       0.4  0.2  1.9  1.9 
             
d) Osprey  nearshore    lagoon    backreef   
Substrate Category  %  ± 1SE  %  ± 1SE  %  ± 1SE 
Sand  7.2  5.6  40.4  10.2  12.3  2.4 
Sand + Microalgae  33.5  24.9  7.8  7.8     
Rubble  1.7  1.7  1.5  0.7  0.7  0.1 
Limestone pavement  13.2  8.5  4.9  3.7  16.3  1.5 
Total IDC  0.2  0.2  14.7  7.2  7.3  1.1 
Turf Algae  5.2  2.9  2.2  1.7  7.3  0.4 
Coralline Algae  2.2  1.5  0.4  0.3  0.2  0.2 
Total MA  24.6  15.9  17.9  7.6  2.1  0.6 
Seagrass      0.6  0.6     
Sponge          0.3  0.3 
Branching corals      1.5  0.9  6.7  2.8 
Digitate corals  0.4  0.4  1.3  1.2  12.0  0.6 
Tabulate Acropora      0.5  0.4  24.9  4.5 
Encrusting corals  0.7  0.7  0.3  0.3  4.6  1.3 
Submassive corals  10.6  10.6  1.0  0.8  2.8  1.9 
Massive corals  0.6  0.6  0.9  0.7  0.8  0.4 
Foliaceous corals      0.3  0.3  1.1  1.1 
Soft Corals       3.6  2.5  0.5  0.5 
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(c) Point Cloates Region 
This region is characterised by a vast, shallow sandy lagoon that begins virtually at 
the shore and is typically bordered by very shallow (<1 m) backreef offshore. Lagoon 
widths in the region range between 700 m and 6 km and substrates within the lagoon 
consist mainly of a sand veneer on limestone that supports large areas of macroalgae, 
particularly near Point Cloates and Jane’s Bay. A total of six sites were surveyed at 
Cloates Sanctuary zone and the adjacent recreation zone at Point Edgar (Figure2.5). 
Nearshore substrates sampled were predominantly macroalgae (~43%), interspersed 
with sand (~21%) and limestone pavement (~23%). Backreef sampling sites were 
however dominated by limestone pavement covered with turf algae (~60%) with 




Figure 2.11: Regional overview of percent cover (± 1 SE) of substrate types in the 





































(d) Coral Bay Region 
The Coral Bay region is bounded by Ningaloo’s fringing reef from Point Anderson to 
Bateman’s Bay, enclosing areas that support a diverse mosaic of large patch reefs 
interspersed with shallow (< 4 m) sandy lagoonal areas. The fringing reef flat lies 
offshore as close as 400 m (south of Maude Sanctuary), is 2 km offshore at South 
passage, near Point Anderson and extends to 6 km offshore at the northern boundary 
of Maude sanctuary, near Cardabia Passage. Habitat surveys in this region were 
therefore stratified into nearshore, lagoon and backreef areas. A total of 29 sites were 
surveyed at Maude Sanctuary zone and the adjacent recreation zone south to Point 
Anderson (Figure 2.2). 
 
Nearshore substrates sampled were predominantly limestone pavement (17.1%), 
interspersed with sand (15.9%) and rubble (11.0%). Hard coral gardens were also 
common with diverse mosaics of digitate Acropora  (10.0%), tabulate Acropora 
(9.4%) and foliaceous corals such as Echinopora (6.7%). Massive Porites (4.5%) and 
submassive corals (4.1%) were also present. Some nearshore coral gardens (around 
Coral Bay town site and boat ramp) were intermixed with areas of intact dead coral 
(6.0%) covered with turf (6.0%). Expanses of macroalgae (4.5%), dominated by 
Sargassum  were also evident in some nearshore sites south of Maude sanctuary 




Figure 2.12: Regional overview of percent cover (± 1 SE) of substrate types in the 
nearshore habitats in the Coral Bay region (see Table 2.3). 
 
Lagoonal areas surveyed were mostly sandy substrates (30.3%) with some rubble 
(7.6%) and exposed limestone pavement ridges (3.2%). Lagoonal ridges and patch 
reefs consisted of macroalgae (12.0%), intact dead coral (10.94%), turf algae (7.3%) 
and a diverse variety of hard corals such as digitate Acropora  (5.6%), branching 
Acropora, massive, submassive, and foliaceous corals (around 4% each). Coralline 
algae and encrusting corals (< 3%) were also noted (Figure 2.13).
 
Figure 2.13: Regional overview of percent cover (± 1 SE) of substrate types in the 






















































Backreef areas were found to be more diverse than lagoonal areas, with sandy patches 
(18.9%), rubble (13.2%) and a higher coverage of intact dead coral (20.6%), usually 
colonised by and macroalgae (6.2%) and turf (1.2%). Tabulate Acropora (14.3%) was 
the most common hard coral, followed by branching corals (10.84%) and digitate 
Acropora (8.0%). Other hard corals (encrusting, submassive, foliaceous, mushroom 
and massive) accounted for less than 5% of substrate cover (Figure 2.14).  
 
Figure 2.14: Regional overview of percent cover (± 1 SE) of substrate types in the 
back reef habitats in the Coral Bay region (see Table 2.3). 
 
(e) South Ningaloo Region 
The southern end of Ningaloo Reef is patchy and closer to shore. South from Cape 
Farquhar, the fragmented fringing reef becomes a nearshore reef through to Gnaraloo 
Bay, 3 mile Sanctuary and Red Bluff, which is the southernmost point of Ningaloo 
Marine Park (CALM 2005).  Sampling was therefore conducted at nearshore reef 
platform and patch reef sites. A total of 17 sites were surveyed at Cape Farquhar, 
Gnaraloo Bay, 3 mile and Turtles Sanctuary zones and their adjacent recreation zones 





























Sampling at Cape  Farquhar and Turtles/Red Bluff was limited to intertidal and 
subtidal limestone reef platforms whereas Gnaraloo Bay and 3 mile sampling sites 
consisted of both nearshore reef platform and patch reef sites. 
 
Cape Farquhar 
Nearshore areas sampled at Cape Farquhar  were predominantly narrow (3-5 m) 
subtidal and intertidal reef platforms extending out at an angle from a sandy shoreline 
for 30-50 m and surrounded on all sides by shallow (< 2 m) sandy substrate. The 
platforms were parallel to each other and around 10 m apart. Reef platforms consisted 
of bare limestone pavement (65%) with sandy patches (7.5%) and some areas of 
pavement were colonised by turf algae (14.6%) and macroalgae (3.6%). Soft corals 
(5.6%) had also colonised the seaward edges of some platforms (Figure 2.15). 
 
 
Figure 2.15: Regional overview of percent cover (± 1 SE) of substrate types in the 


































Sites surveyed at Gnaraloo Bay were intertidal/subtidal platforms and shallow (<2 m) 
nearshore patch reefs in calm sandy areas. The bay comprises a diverse variety of 
benthic habitats, including macroalgae, hard and soft corals, sponges and seagrass. 
Branching coral  (24.3%) was the most common hard coral, followed by digitate 
Acropora  (9.5%) and tabulate Acropora  (6.3%). Other hard corals (encrusting, 
submassive, foliaceous and massive) accounted for around 8% of substrate cover. 
Intact dead corals (11.8%) and limestone pavement (6.0%) were also common and 
were typically colonised by turf (3.8%) and macroalgae (8.0%). Soft corals (6.2%) 
and seagrass (2.4%) were also recorded in the bay area (Figure 2.16). 
 
Figure 2.16: Regional overview of percent cover (± 1 SE) of substrate types in the 
nearshore habitats in the Gnaraloo Bay region (see Table 2.3). 
 
3 mile and Red bluff 
Nearshore sites sampled at 3 mile and Turtles Sanctuaries and the neighbouring 
recreation zones were predominantly subtidal and intertidal reef platforms, framed by 






























widespread at 3 mile but were not evident at Red Bluff, where the subtidal platforms 
dropped off into deep water. 
 
At 3 mile, limestone pavement (39.3%) was the dominant substrate on subtidal and 
intertidal reef platforms, with mixed patches of turf (14.3%), macroalgae (5.3%) and 
coralline algae (3.0%). Tabulate Acropora  (9.7%), digitate Acropora  (7.7%), and 
branching corals (6.3%) accounted for almost 25% of habitat in nearshore patch reefs 
and shallow coral gardens. Other corals (intact dead corals, submassive, foliaceous 
and soft corals) accounted for around 8% of substrate cover at 3 mile (Figure 2.17).  
 
 
Figure 2.17: Regional overview of percent cover (± 1 SE) of substrate types in the 
nearshore habitats in the 3 mile region (see Table 2.3). 
 
At Red Bluff, nearshore limestone pavement (38.8%) platforms, covered in dense 
mats of turf (43.7%) and macroalgae (17.5%) were the dominant characteristic of the 

































Figure 2.18: Regional overview of percent cover (± 1 SE) of substrate types in the 
nearshore habitats in the Red Bluff region (see Table 2.3). 
 
 
2.3.2 Multivariate analyses - substrate composition  
Further analyses were conducted to examine spatial trends in the substrate community 
composition of benthic habitats between regions, between management zones 
(Sanctuary or Recreation) and between locations within regions (nearshore, lagoon 
and backreef) where lagoonal areas were surveyed. Relevant results are presented 
below. 
a) Comparisons between regions 
 
Initial analysis of community structure indicated negligible differences between major 
regions (ANOSIM Global R = 0. 17, p = 0.01) and between sub-regions (ANOSIM 
Global R = 0.018, p = 0.01), where R is based on the difference of mean ranks 
between groups and within groups (R = 0 indicates no differences between groups and 
R = 1 indicates no similarities between groups). Low R values indicated that overall 
substrate community structure on a regional basis was variable with more similarities 
between regions than dissimilarities. Pairwise comparisons between sub-regions did 
however show a higher degree of differences in community structure (i.e. R > 0.5, p < 































community structure between NW Cape and Red Bluff (R = 0.616, p = 0.022, Table 
2.6). 
 
Table 2.6: Pairwise ANOSIM comparisons between sub-regions (where R > 5.0), 
NW = Northwest Cape, Rd Blf = Red Bluff, Gn = Gnaraloo, T-Y = 
Tantabiddi to Yardie creek. F = Cape Farquhar * Denotes significant R 
statistic. 
 
Groups   R Statistic  Sig. level (p) 
NW, Rd Blf  0.616  0.022* 
Gn, Rd Blf  0.576  0.013* 
T-Y, Rd Blf  0.562  0.013* 
NW, Gn  0.529  0.001* 
NW, F  0.519  0.004* 
 
 
Further similarity percentage analysis (SIMPER) indicated that sand was the key 
substrate determining the regional dissimilarities in composition between Northwest 
Cape and Red Bluff (39.98%) and between Tantabiddi-Yardie creek and Red Bluff 
(16.89%). Limestone pavement and branching corals were the determining factors 
when comparing Gnaraloo with Red Bluff (9.9 and 9.2%) and Gnaraloo with 
Northwest Cape (9.91 and 9.5%). A marked difference in macroalgae abundance was 
the key factor determining the regional dissimilarities in composition between 












Table 2.7:  Regional SIMPER results output –  substrate category comparisons 
between sub-regions, indicating average abundance, dissimilarity and % 
contribution of categories. NW = Northwest Cape, Rd Blf = Red Bluff, 
Gn = Gnaraloo, T-Y = Tantabiddi to Yardie creek. F = Cape Farquhar. 
 
Substrate Category  Av.Abund  Av.Abund  Av.Diss  Contrib%  Cum.% 
NW v Rd Blf  NW  RB       
Sand  2.05  0  13.56  39.98  39.98 
Total MA  1.85  1.22  8.35  24.61  64.59 
Turf Algae  1.97  2.54  4.18  12.32  76.9 
Gn v Rd Blf  Gn  RB       
Limestone pavement  0.98  2.47  7.09  9.9  9.9 
Total branching corals  1.5  0  6.59  9.2  19.09 
Total IDC  1.38  0  6.09  8.5  27.59 
T-Y v Rd Blf  T-Y  RB       
Sand  2.07  0  11.88  16.89  16.89 
Turf Algae  0.96  2.54  10.06  14.31  31.2 
Limestone pavement  1.19  2.47  8.04  11.44  42.64 
NW v Gn  NW  Gn       
Limestone pavement  2.26  0.98  6.13  9.91  9.91 
Total branching corals  0  1.5  5.88  9.5  19.41 
Total IDC  0  1.38  5.43  8.78  28.19 
NW v F  NW  F       
Total MA  1.85  0.82  6.67  17.69  17.69 
Sand  2.05  1.31  6.29  16.68  34.37 
Turf Algae  1.97  1.5  4.95  13.13  47.5 
 
b) Comparisons between management zones 
 
As management zones covered all types of habitats and zoning is not based upon 
selection of any particular habitat structure, no significant difference in benthic 
substrate community structure (ANOSIM R = -0.005, p = 0.59) was noted overall   
between sanctuary and recreation zones within the NMP. An R value this close to zero 
indicated virtually no differences (i.e. that there were as many similarities in 





c) Comparisons between areas within lagoonal regions  
 
Tantabiddi to Yardie Creek Region 
 Initial analysis of spatial patterns using an nMDS plot indicated differences in 
substrate composition of benthic habitats between backreef and nearshore areas 
(Figure 2.19). One-way ANOSIM using “area” as a group factor confirmed that a 
considerable dissimilarity in benthic community structure existed  between areas 
(average dissimilarity = 54.02, ANOSIM R = 0.587, p = 0.001). Further SIMPER 
analysis indicated that a broad range of the substrate categories contributed to the 
dissimilarities in composition, with around 4x higher average abundances in backreef 
areas of intact dead coral (8.45% contribution). Other hard corals were responsible for 
almost 40% of the dissimilarity (Table 2.8). 
  
 
Figure 2.19: nMDS plot indicating differences in substrate community composition 
of benthic habitats between nearshore (N) and backreef (B) areas in the 
Tantabiddi to Yardie Creek region.   
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Table 2.8: Tantabiddi to Yardie Creek Region: SIMPER results output for substrate 
category comparisons between backreef and nearshore areas, indicating 
average abundance, dissimilarity and % contribution of categories. 
 
Tantabiddi to Yardie  Backreef  Nearshore  Average   dissimilarity        = 54.02  
Substrate Category  Av.Abund  Av.Abund  Av.Diss  Contrib%  Cum.% 
Total IDC  1.63  0.46  4.56  8.45  8.45 
Total digitate corals  1.38  0.24  4.18  7.75  16.19 
Tabulate Acropora  1.24  0  4.12  7.62  23.82 
Total submassive corals  1.2  0.39  3.95  7.31  31.12 
Total branching corals  1.14  0.22  3.81  7.06  38.18 
Turf Algae  1.7  0.84  3.45  6.39  44.57 
Limestone pavement  1.25  1.44  3.4  6.3  50.87 
Total MA  1.43  2.25  3.36  6.22  57.08 
Rubble  1.36  1.05  3.31  6.12  63.2 
Total encrusting corals  1.06  0.36  3.1  5.75  68.95 
Sand  1.9  1.77  2.84  5.26  74.2 
Coralline Algae  0.73  0.68  2.71  5.02  79.23 
Sand and Microalgae  0  0.69  2.49  4.62  83.85 
Soft Coral  0.65  0  2.27  4.21  88.05 
Massive coral  0.74  0.29  2.26  4.19  92.24 
 
Point Cloates Region  
Initial analysis of spatial patterns using an nMDS plot indicated that benthic 
community structure of nearshore areas did not differ considerably from that of 
neighbouring backreef areas in the Point Cloates region. A limiting factor of this 
analysis however, was the low number of sampling sites in the region. Comparable 
average abundances of sand, intact dead coral, limestone pavement and rubble were 
the main drivers of the similarities at the sampling the sites, although turf and 
macroalgae abundances differed between nearshore and backreef sites (see Figure 
2.11).  
Coral Bay Region 
Preliminary analysis of spatial patterns using an nMDS plot and one-way ANOSIM 
using “area” as a group factor indicated that benthic community structure between 
nearshore, lagoon and backreef areas did not differ significantly in the Coral Bay  
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region (ANOSIM R = 0.103, p = 0.03). An R value close to zero indicated that there 
were almost as many similarities in community structure between areas as there were 
within areas sampled. 





The purpose of this study was to characterise the coral reef habitats of the Ningaloo 
Marine Park (NMP), to provide essential baseline information for use both in this 
study and for other related mapping projects. In addition, the detailed descriptions of 
the benthic community structure from this study will not only provide new data for 
ongoing management and monitoring programmes within NMP but also provide a 
building block for answering important ecological questions relating to the grazing 
urchin Echinometra mathaei within NMP (the over-arching theme of this thesis). 
 
Habitat characterisation of NMP was achieved by utilising a combination of broad-
scale mapping validation data and finer-scale survey data. The use of broad-scale 
maps of coastal marine habitats, in conjunction with fine-scale survey data is a more 
effective and comprehensive approach to regional-scale marine habitat 
characterization, which provides conservation managers with reliable information on 
which to base their decisions (Banks and Skilleter 2007, Selkoe et al. 2009, Fearns et 
al. 2011).  
 
To date, habitat studies within Ningaloo Marine Park have been very limited 
(Bancroft and Sheridan 2000, Cassata and Collins 2008,  van Keulen et al. 2008, 
Johansson et al. 2010, Black et al. 2011). Broad-scale habitat mapping surveys were 
conducted by Bancroft and Sheridan (2000) on behalf of the Western Australian 
Department of Environment and Conservation (DEC) and Cassata’s and Collins’ 
(2008) work generated three detailed habitat maps of sanctuary zones north of Yardie 
Creek and in the Muiron Islands. However, some backreef data obtained from their 
study did not match the DEC survey (Bancroft and Sheridan 2000). Data obtained  
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from channels that form reef passes indicated sandy areas with macroalgae, whereas 
Bancroft and Sheridan’s (2000) study classified these same locations as rich coral 
habitat, which suggests the need for more validation in these areas to improve 
accuracy of habitat characterization (Cassata and Collins 2008). Bancroft and 
Sheridan (2000) conducted in-water surveys that focused on small sections of the reef 
(van Keulen et al. 2008), whereas Cassata and Collins (2008) used a combination of 
direct observations, underwater photography and towed video surveys to obtain their 
mapping data, so differences in field methodology may have been a contributing 
factor. Habitat changes over time (between the two studies) may have also contributed 
to differences in results. The maps and associated benthic community descriptions 
provided by Cassata’s and Collins’ (2008) study focus upon the northern regions of 
NMP so therefore present important regional information which will facilitate 
management of the Marine Park in those areas. 
 
In a more recent study that focussed on potential bio-indicators  (urchins and 
macroalgae) for coral reef decline at NMP, benthic habitat surveys were conducted in 
reef slope, backreef and lagoon areas within three sanctuary zones (Johansson et al. 
2010). Analysis of benthic survey data was however limited to three rather broad 
substrate categories (macroalgae, crustose coralline algae and live coral cover) for the 
purpose of cross-shelf habitat comparisons. Johansson and colleagues (2010) 
demonstrated clear differences in cross-shelf benthic community composition which 
was mainly driven by high macroalgae cover in lagoon sites and high live coral cover 
in backreef locations (Johansson et al. 2010).  
 
These differences however were only evident from data gathered at three sanctuary  
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zones within NMP so may not be representative of differences in community structure 
across larger spatial scales, within the entire reef system. Achieving a better 
understanding of the scale and diversity of Ningaloo reef’s habitats requires a more 
integrated and comprehensive approach to habitat characterization survey methods to 
enable better informed management decisions throughout NMP. 
 
The comprehensive habitat surveys in the current study have produced a significant 
amount of new qualitative and quantitative information about the lagoonal habitats of 
Ningaloo reef (see Section 2.3.1). These results not only present a detailed description 
of the benthic community structure within Ningaloo Marine Park, from its northern 
extent at Bundegi, in Exmouth Gulf to Red Bluff at the southern boundary of the park 
but also provide vital validation data for related mapping projects. Mapping of the 
entire Ningaloo reef, using hyperspectral remote sensing imagery began in 2006 
(Kobryn et al. 2011). The broad-scale validation data from the current study (see 
Section 2.2.2)  were utilized for ground-truthing of the hyperspectral maps for all 
major regions (except Point Cloates) of NMP. 
 
In order to characterise the extent and diversity of the Ningaloo reef system, surveys 
for this study were conducted in a stratified manner (nearshore, lagoon and back reef) 
in regions with lagoonal areas and limited to nearshore areas where no distinct lagoon 
or backreef area was present. Lagoonal areas are a widespread feature of Ningaloo 
reef from Jurabi Point to Cape Farquhar and include intermittent patch reefs and 
nearshore platform reefs. North of Jurabi Point, the reef becomes discontinuous and 
eventually disappears, so nearshore reef platforms are a dominant feature in northern 
regions of the park. The southern end of the reef is fragmented and closer to shore,  
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becoming a nearshore reef from Gnaraloo Bay to Red Bluff (CALM 2005). Five 
major regions were surveyed extensively: North West Cape (nearshore), Tantabiddi to 
Yardie Creek, Point Cloates, Coral Bay and South Ningaloo (nearshore). Larger 
regions that contained more than one sanctuary zone were further stratified into sub-
regions according to zoning. Over 100 sites were intensively sampled during the 
course of this benthic habitat study. 
Combining the broad-scale mapping validation data with finer-scale survey data 
resulted in a homogeneous data set that was then analysed to identify any spatial 
trends in the community composition of benthic habitats (section 2.3.2). Spatial trends 
between regions, between sub-regions and between locations within regions 
(nearshore, lagoon and backreef) where lagoonal areas were surveyed are discussed 
below. 
 
a) Comparisons between regions 
 
Initial analysis of community structure on a regional scale was variable, with 
insignificant differences in overall substrate community structure between the five 
major regions. In other words, habitat types within each of the major regions were 
more dissimilar than habitat types between major regions. Considering the number of 
sites (over 100) that were surveyed and the 35 substrate categories that were identified 
in the study, it is not surprising that a high variability of habitat types was determined 
overall. However habitats differed in community structure between some regions, 
sub-regions and between sites, within lagoonal regions.  
 
Regional differences in community structure were identified between the Tantabiddi - 
Yardie Creek region and Red Bluff and between NW Cape and Red Bluff. Sand, turf  
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algae and macroalgae were the key substrates determining the regional dissimilarities 
here. The Tantabiddi-Yardie Creek region is characterised by a large shallow lagoon 
system which is predominantly sandy substrates with scattered patch reefs and 
macroalgae beds, whereas the NW Cape region does not have a reef lagoon and its 
associated barriers, so is subject to ocean swells that are capable of transporting large 
amounts of sediment from nearby subtidal sand covered limestone substrates to 
nearshore areas (Cassata and Collins 2008). Bundegi habitats in the NW Cape region 
in Exmouth Gulf were also predominantly sandy substrates.  
 
The Red Bluff sites on the other hand, were nearshore limestone platforms with turf 
and macroalgae cover that dropped off dramatically into deep waters with no fringing 
reefs and so had very little sand deposition. Higher average abundances of sand, 
macroalgae and turf algae at NW Cape also determined habitat composition 
differences with Cape Farquhar in the South Ningaloo region. In a recent intertidal 
study at NMP, researchers also noted that nearshore areas differed regionally and 
attributed the major morphological differences to different levels of wave energy and 
protection by offshore reefs (Black et al. 2011).  
 
In addition, it is also worth noting that although soft corals did not have a strong 
influence in determining differences in benthic community structure in the regional 
analyses, they were noticeably more abundant at Gnaraloo and Cape Farquhar and in 
the backreef and lagoon areas between Tantabiddi and Yardie Creek but only found in 
very low abundances at sampling sites in the Point Cloates and Coral Bay regions 




b) Comparisons between sub-regions 
 
The majority of larger regions that were further stratified into sub-regions did not 
show any profound differences in habitat structure at this spatial scale (Section 2.3.2). 
However, significant differences in benthic community structure were noted between 
Gnaraloo Bay and both Red Bluff and NW Cape. Limestone pavement and branching 
corals were the determining factors when comparing habitats at Gnaraloo with Red 
Bluff and with NW  Cape. The Gnaraloo sub-region had very high coral species 
diversity with large stands of branching corals (mainly Acropora). As previously 
mentioned, the reef in this area is fragmented and closer to shore, becoming a 
nearshore reef from Gnaraloo Bay. The  nearshore coral reefs, combined with the 
Northerly aspect of the bay provide a buffer to the oceanic swells and thus create ideal 
conditions for more fragile corals to thrive in protected, shallow sandy patches close 
to shore (CALM 2005). Alternatively, the open waters of Red Bluff and NW Cape 
provide little refuge nearshore for less hardy organisms such as branching Acropora 
corals. Prior tropical reef habitat studies in the Cook Islands and the Great Barrier 
Reef also have determined that exposure to winds and associated wave activity had a 
marked effect on reef morphology and habitat complexity (Hopley et al. 1985, 
Drumm 2004).  
 
c) Comparisons between areas within lagoonal regions 
 
Tantabiddi to Yardie Creek Region 
Community composition of benthic habitats between backreef and nearshore areas 
differed considerably in this region whereas no significant differences were apparent 
between nearshore and lagoon habitats or lagoon and backreef habitats (Section 
2.3.2.c). Nearshore habitats were predominantly sandy with large areas of macroalgae 
cover so sampling sites were often very similar in composition to lagoonal sites.  
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Similarly, the backreef sites featured limestone pavement areas with a thin layer of 
sand that often supported sparse macroalgae cover, which was also a feature common 
to the lagoon sites. A broad range of the substrate categories contributed to the 
dissimilarities in composition between nearshore and backreef sites. More than 400% 
higher average abundances of intact dead coral and other hard corals in backreef areas 
was responsible for almost 40% of dissimilarity and higher abundances of macroalgae 
in nearshore areas was also a determining factor.  
 
Point Cloates Region  
The Point Cloates region is characterised by a vast, shallow sandy lagoon that begins 
virtually at the shore and is typically bordered by very shallow (<1 m) coral reef that 
lies between 700 m and 6 km offshore. Beyond the fringing reef the reef slope drops 
off dramatically to a very narrow continental shelf (Woo 2006). The lagoon is very 
different to the Tantabiddi – Yardie creek lagoon system as it does not feature any 
patch reefs within the sandy lagoon, north of Point Cloates to Point Edgar. South of 
Point Cloates the habitat characteristics change dramatically and benthic communities 
consist mainly of patchy limestone substrates with a sand veneer that supports a 
diverse range of macroalgae, particularly near Jane’s Bay. Multivariate analysis 
indicated that nearshore areas did not differ considerably in benthic community 
structure from neighbouring backreef areas in the Point Cloates region. A limiting 
factor of this analysis however, was the low number of sampling sites in the region. 
Time and funding constraints for this study did not allow any further field sampling in 
this important region. Univariate analysis did show however that there were 




Coral Bay Region  
Multivariate analysis of benthic habitats in this region indicated that there were almost 
as many similarities in community structure between areas as there were within areas 
sampled. The Coral Bay region is home to arguably the most diverse and concentrated 
assemblages of scleractinian corals in the entire Ningaloo reef system. Corals 
dominate benthic communities in nearshore, lagoon and backreef areas here, so 
therefore statistical analyses of community structure did not indicate any significant 




Field surveys conducted in a broad range of coral reef environments across the length 
of NMP have confirmed differences in habitat structure on a number of spatial scales 
ranging from regional (100 s Km) to lagoonal (100 s metres). The presence or absence 
of fringing reefs and reef passes determines lagoonal areas, particularly in central 
regions from Coral Bay north to Tantabiddi. Smaller lagoonal areas have also been 
created by nearshore reefs in the Gnaraloo region to the south. These protected 
environments provide ideal conditions for the development of extensive coral and 
macroalgae communities. Alternatively the southern and northern extents of NMP are 
not protected from oceanic swells and winds so therefore are dominated by nearshore 
intertidal and subtidal limestone platforms with reduced benthic community diversity.  
 
This study has provided important new baseline information for use in this study and 
other related mapping projects. In addition, habitat descriptions provide new data for 
ongoing management and monitoring programmes within NMP. The underlying 
purpose of this thesis is to address a number of important ecological questions,  
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relating to the grazing urchin Echinometra mathaei  within NMP. This chapter 
provides a framework for answering some of these questions, particularly the 
relationships between habitat type  and other factors driving the distribution and 
abundance of E. mathaei within lagoonal areas of Ningaloo Marine Park, which is 
discussed at length in the following chapters. 
 
Maps as a broad-scale surrogate for coral reef community diversity – a question of 
scale? 
 
The detailed habitat characterisations described here were achieved by utilising a 
combination of broad-scale mapping validation data and finer-scale survey data. 
Unvalidated hyperspectral maps (Kobryn et al. 2011) were used as an aid to sampling 
design and as such provided an effective and cost efficient means to plan and execute 
field surveys for mapping validation and other complementary finer scale sampling in 
the initial stages of this project. Remote sensing using hyperspectral scanning of 
shallow waters is capable of providing broad scale maps in areas that are otherwise 
too difficult or expensive to survey using traditional methods. They have the potential 
to be an important tool for conservation managers, biodiversity assessment and 
ecosystem monitoring  (Fearns et al. 2011). Successful shallow water substrate 
mapping projects using hyperspectral remote sensing have been recently completed in 
the South West of Western Australia (Fearns et al. 2011), where researchers produced 
maps at a resolution of 3 x 3 m
2 for three major classifications (sand, seagrass and 
brown algae). Fearns and colleagues (2011) demonstrated the usefulness of 
hyperspectral remote sensing for broad scale mapping with limited classification but 
also highlighted some of the challenges associated with surrogacy and spatial scales 
(Fearns et al. 2011). The hyperspectral images that were validated in the current study 
had the same resolution as Fearns et al’s (2011) maps but classifications were far  
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more detailed with 35 substrate categories used for field validations (Table 2.1).  
 
It became apparent during field sampling that the high complexity of coral cover and 
other substrate diversity encountered at many validation sites at NMP was more suited 
to a finer scale assessment than the mapping validations (Kobryn et al. 2011) required, 
so percentage cover data was recorded for each pixel using all classifications that 
were observed in situ in the field validations. In other words, a 3 x 3 m
2 pixel would 
have more than one classification unless it was 100% sand and on many occasions 
several coral classifications could occupy even less than 0.25 m
2. In order to produce 
accurate maps of complex coral reef systems the resolution required would have to be 
much higher than the hyperspectral images validated here or the classification would 
have to be broadened significantly to more general categories to suit the current 
resolution. The use of broad-scale maps as surrogates for coral reef biodiversity is 
therefore cause for concern as they may not accurately provide a reliable assessment 
of coral reef biodiversity at the required spatial scales (Banks and Skilleter 2007, 
McCarthy 2009, Fearns et al. 2011). It was for the above reasons that the mapping 
validation data and other field survey data was collected at a finer scale and results 
were presented (without maps) as described in section 2.3.  
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3: Macroinvertebrate distribution and abundance in 
Ningaloo Marine Park (focussing upon sea urchins) 
3.1: Introduction 
3.1.1: Larval dispersal, settlement and recruitment 
 
The processes that lead to an over-abundance of urchins in any one location are 
complex and poorly understood. Prior research suggests that in some instances, 
unusually high increases in urchin numbers can be due to mass settlement of 
juveniles, mass adult migration, or a combination of both (Rose et al. 1999).  
 
Some urchins with lecithotrophic (egg yolk feeding) larva may take only a matter of 
days to develop and settle (Williams and Anderson 1975, Scott et al. 1990, Emlet 
2002). In contrast, species with longer lasting larval stages (e.g. Centrostephanus 
rodgersii (Agassiz)) can be influenced by ocean currents, resulting in larval transport 
and recruitment over much greater temporal and spatial scales (Banks et al. 2007). 
However, recent literature also suggests that long-distance larval transport may be less 
common than expected and local recruitment or larval retention is relatively 
widespread, even for species with long-lived larvae (Piggott et al. 2008). 
 
In addition, seasonal abiotic factors such as sea temperature, light and food 
availability can be important regulators of spawning (and recruitment) in many 
species. Temperate species generally reproduce annually with distinct spawning 
seasons, while tropical taxa tend to have a prolonged to continuous spawning season 
(Barnes et al. 2001,  Muthiga and Jaccarini 2005). For instance, on Kenyan reefs 
Muthiga and Jaccarini (2005) reported that during the annual northeast monsoon, peak  
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spawning activity of the urchin E. mathaei coincided with peaks in sea surface 
temperature and photoperiod, indicating a seasonal reproductive cycle that may be 
influenced by these factors. Peak spawning activity was also positively correlated to 
peak phytoplankton production which may be a mechanism to ensure an abundant 
food supply for planktonic larvae (Muthiga and Jaccarini 2005). 
 
Unusually large settlement events or outbreaks can give rise to overgrazing by urchins 
in a variety of benthic marine communities such as seagrass beds (Macia and Lirman 
1999, Rose et al. 1999, Langdon et al. 2011), temperate rocky reefs (Tuya et al. 
2004a), and tropical coral reefs (Muthiga and McClanahan 1987, McClanahan 1994, 
McClanahan et al. 1996). 
 
3.1.2: Environmental factors (habitat) 
Habitat complexity (see Chapter 2) plays an essential part in shaping benthic 
community structure (Wilding et al. 2007). Studies on species/habitat associations in 
coral reef systems began in the mid-1970s but when compared to these studies, there 
are little data available on the factors affecting community structure of reef 
invertebrates (Dumas et al. 2007). Factors such as type of substrate coverage (e.g. 
coral, limestone pavement, sand, seagrass and algae), sediment type (e.g. sand, mud, 
gravel) and water quality determine habitat structure and have been  shown to 
influence species distributions in coral reefs (Dumas et al. 2007, Cassata and Collins 
2008).  
 
Urchin spatial distribution on coral reefs can also be variable between species, as 
different urchins may have diverse habitat preferences for a number of reasons, such  
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as protection from predators, feeding behaviour and locomotion (McClanahan and 
Kurtis 1991, Sala et al. 1998b). For example, Dumas and colleagues (2007) noted that 
a significant part (46%) of the spatial distribution of the urchin Diadema setosum on 
New Caledonian reefs was influenced by habitat variables like sediment and substrate 
type. Diadema were found in higher numbers on exposed, rocky subtrata and lower 
densities occurred in areas with complex branching coral, suggesting that Diadema 
may avoid reef habitats of higher rugosity. Furthermore, no Diadema were observed 
in areas that were dominated by macrophytes (seagrass and macroalgae) and sampling 
sites that usually recorded average densities of Diadema had no macrophytes. 
 
On the other hand, the same study had contrasting results for the urchin Echinometra 
mathaei, with only 18% of their spatial variability explained by habitat factors, the 
main influence being substrate coverage of Millepora  (fire coral). The authors 
suggested that Millepora  may have been providing physical shelter and possibly 
repelling potential predators, particularly fish (Dumas et al. 2007). 
 
The above examples highlight the complexities of spatial distributions of urchins in 
coral reefs, where patterns may be linked to a diverse set of environmental variables. 
The spatial patchiness of urchins on coral reefs therefore still remains difficult to 
explain in terms of environmental factors alone. Additional factors (e.g. 
anthropogenic effects such as fishing pressure and pollution, and biological factors 
such as trophic interactions, competition for space, animistic or aggregating behaviour 
and larval settlement) must be considered as equally important contributors to benthic 
community structure (Tsuchiya and Nishihira 1985, Muthiga and McClanahan 1987, 
McClanahan 1998, Pinnegar et al. 2000, Dumas et al. 2007).  
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3.1.3: Anthropogenic factors 
Wide-ranging human-induced impacts such as unsustainable fishing pressure can 
cause  changes in the abundance and species composition of urchin predators and 
herbivorous competitors, which in turn may have significant flow-on effects through 
lower trophic levels in marine benthic communities (McClanahan et al. 1994, Sala et 
al. 1998a). 
 
Alterations to these food webs decreases top-down pressures, thus increasing urchin 
numbers (Jorgensen and Ibarra-Obando 2003, Tuya et al. 2005, Mumby et al. 2006, 
Pederson and Johnson 2006, Brown-Saracino et al. 2007, Heck and Valentine 2007, 
Eklof et al. 2008, Salomon et al. 2008). Numerous studies have shown that such 
changes to upper trophic levels of the food web are likely to result in trophic cascades 
(McClanahan 1998, Rose et al. 1999, Pinnegar et al. 2000, Westera 2003, Alcoverro 
and Mariani 2004,  Fina 2004,  Mumby et al. 2006,  Salomon et al. 2008). High 
biodiversity within functional groups in food webs can however lessen the risk of 
these (Borrvall et al. 2000). 
 
Recent studies at Ningaloo reef in Western Australia (Westera et al. 2003, Westera 
2003,  Webster 2007)  investigated possible trophic cascades occurring in lagoonal 
recreational fishing areas. Westera (2003) noted that a trophic cascade had occurred in 
a recreational fishing zone .whereas Webster (2007) on the other hand found no 
significant differences in urchin abundance between no-take and recreation zones in 
the same lagoonal area. These contrasting findings suggest a more detailed study of 
urchin ecology within the Ningaloo Marine Park may be required.  
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3.1.4: Competition (for space) 
Sea urchins can have a significant mediating influence upon the ecological structure 
of many sub-tidal habitats through grazing and bioerosion of substrata, which in turn 
may influence competition for space (Bak 1990, McClanahan 1998, Mapstone et al. 
2007). Mediation can occur through direct grazing, for example, of larger canopy 
forming algae on temperate subtidal reefs (Pederson and Johnson 2006) or turf algae 
on tropical coral reefs (Harmelin-Vivien et al. 1992, Griffin et al. 2003) and in cases 
where urchin densities are very high, grazing of newly settled spores can prevent algal 
recruitment and create alternative states or urchin barrens (Lawrence 1983, Prince 
1995). The well known (and certainly the most cited) cases of large scale changes to 
alternative stable states in marine communities have occurred on coral reefs (Petraitis 
and Dudgeon 2004). Urchins are regarded as key bioeroders in coral reef communities 
and they graze over the substrate providing new areas for recruitment by corals and 
other marine invertebrates (Griffin et al. 2003). 
 
High densities of bioeroding urchins can influence algal community composition and 
abundance in coral reef systems (Prince 1995,  Griffin et al. 2003). These algal 
communities compete with corals for substrate, so urchins, along with herbivorous 
fish therefore have a mediating affect upon macroalgae in coral reef systems, thus 
preventing dominant invasive algal species from out-competing corals for valuable 
space (Mapstone et al. 2007). Loss of coral cover may also reduce food availability 
and refuge for some corallivorous fishes, thus reducing fish abundance and diversity 
in areas affected by coral depletion (Bozec et al. 2005, Graham et al. 2006). 
 
The removal of urchins from a system, whether from anthropogenic or natural  
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disturbances, or disease, can bring about the reverse situation when dominant algal 
species are no longer mediated. For example, in the early 1980s in the Caribbean, the 
mass die-off of the grazing urchin Diadema antillarum coincided with unprecedented 
increases in the abundance of macroalgae (Bak et al. 1984, Lessios 1988, Gardner et 
al. 2003). Algal communities at St. Croix (U.S. Virgin Islands), that were 
predominantly turf and crustose algae with little or no macroalgae, were transformed 
to macroalgal dominated communities with reduced species diversity. Two years after 
the D. antillarum  mass mortality, algal turfs covered 40% of the area and macroalgae 
covered 47% (Carpenter 1990). This in turn resulted in a significant negative impact 
upon coral cover by reducing available substrate for coral settlement and recruitment 
(Carpenter 1990, Gardner et al. 2003). 
 
Highly invasive algal species can out-compete local species to colonise new areas and 
alter biodiversity. Although new species may add to species richness in the short term, 
biodiversity can be negatively affected if new species are particularly aggressive 
colonisers  (Sala and Knowlton 2006). Two classic and much cited examples of 
introduced algae that have transformed once diverse algal assemblages into 




the tropical Green algae Caulerpa taxifolia was first found near the Monaco 
Aquarium in 1984 and increased in size to occupy more than 30,000 ha (Glynn 2001). 
In the 1990s another even more aggressive tropical green algae, Caulerpa racemosa, 
was found in the Mediterranean and was reported to be an even faster coloniser than 
C. taxifolia (Boudouresque and Verlaque 2002). These extreme cases have been the 
cause of large scale losses in biodiversity of macroalgae assemblages in the 
Mediterranean Sea.  
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Competition for space has been noted to also exist between urchins and other reef 
dwelling animals. For example, studies in Discovery Bay, Jamaica, recorded 
competitive interactions for space between two species of urchins and Damsel fish in 
back-reef patches of the branching staghorn coral Acropora cervicornis (Williams 
1981, Sammarco and Williams 1982). The patches of A. cervicornis provide substrate 
for algal settlement and growth, and present a protected habitat from herbivorous 
predators. 
 
In this situation the Damsel fish (Eupomacentrus planifrons) and urchins shared the 
same habitat but utilised it in different ways. Eupomacentrus kept an algal lawn on the 
upper and outer branch tips of the staghorn coral patch which it defended vigorously 
from any other grazers. The cryptic and sedentary urchin Echinometra viridis 
occupied the middle of the patches of A. cervicornis while the more active grazer, 
Diadema antillarum  occupied the lower substrata and edges (Williams 1981). 
Williams’(1981) and Sammarco’s (1982) exclusion experiments noted that removal of 
each urchin species resulted in population increases of the other urchin and that 
additions of each urchin species had a tendency to inhibit increases of the other 
species. Furthermore, exclusion of the aggressive damselfish led to increases in 
densities of both species of urchin within the experimental plots (Williams 1981, 
Sammarco and Williams 1982). 
 
The above examples illustrate that urchins play an integral role in reef community 
structure, both directly through actively competing for habitat refuge and space 
themselves and indirectly by grazing and bioerosion, which mediates algal dominance 
and provides recruitment opportunities for other benthic species (Bak 1990, Prince  
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1995). The primary focus of this study was to therefore quantify the abundance and 
distribution of E. mathaei and to then investigate the relevance of relationships 
between urchins and habitat type (Chapter 2), management zoning and other factors 
that may affect the distribution and abundance of E. mathaei within lagoonal areas of 
Ningaloo Marine Park. 
 
3.2 Field Surveys: Materials and methods 
3.2.1 Study site descriptions 
Habitat surveys were conducted within 13 sanctuary zones and neighbouring 
recreation zones in Ningaloo Marine Park. In lagoonal areas, sampling was 
undertaken at nearshore, lagoon and backreef locations with additional nearshore 
surveys completed in areas North of Jurabi Point and South of Cape Farquhar (Figure 
3.1). A detailed description of field sampling sites is provided in chapter 2. 
 
3.2.2 Sampling approach  
 
Preliminary macroinvertebrate sampling sites (nearshore, lagoon and backreef 
locations) were chosen at Coral Bay to trial sampling methods in March 2008. After 
successful trials, further sampling was then conducted between Tantabidddi and 
Yardie Creek in April and October 2008 and at Gnaraloo in December 2008. At the 
selected sites, a non-invasive design using weighted floats attached to small ropes (~1 
m long) was employed to mark the corners of each 3  x 3 m quadrat, creating a nested 
9 m x 9 m “mega-quadrat”. Two divers using SCUBA set out the mega-quadrat, 
comprised of 16 colour-coded weighted floats that correspond to the corners of each 
nested quadrat. The central 3m x 3m quadrat was then used to provide a GPS 
reference point for site location. To minimise bias, the same two observers were used  
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for all mega-quadrat sampling; one diver recorded substrate cover while the other 
recorded macroinvertebrates. Counts were recorded in each quadrat for urchins 
(predominantly  Echinometra mathaei), holothurians, tridacnid  clams, the 
corallivorous snail, Drupella cornis and other macroinvertebrates.  
3.2.3 Additional habitat surveys 
Fine-scale habitat surveys were also conducted in 2009 and 2010 (to complement 
mega-quadrat data) in nearshore, lagoon and backreef locations in the Coral Bay 
region (Figure 3.2) and from Tantabiddi to Yardie Creek (Figure 3.3). Further 
nearshore sampling was also conducted from Jurabi Point to Bundegi, in the north of 
the park (Figure 3.3) and from Point Farquhar to Red Bluff in the South (Figure 3.4). 
Additional sampling of back reef, lagoonal and nearshore areas at Point Cloates was 
undertaken in January 2011 to complete the surveys (Figure 3.5). 
 
Five random 50 m transects were completed at each additional site, with visual 
estimates of % cover and macroinvertebrate counts recorded for ten 50 cm x 50 cm 
quadrats along transects. To ensure that sampling was conducted over reasonably 
homogeneous substrates at each site, transects were swam to suit the individual site 
parameters (i.e. when sites were not compatible to swimming straight 50 m line 

























Figure 3.5: Sampling sites – Point Cloates Region (locations indicated by ◘). 
 
3.2.4 Data analysis 
Macroinvertebrate data homogeneity  
Macroinvertebrate distribution and abundance data from the 2008 validation surveys 
and the 2009 habitat surveys was tested for homogeneity of variance by using 
Levene’s test and further one-way Analysis of Variance (ANOVA),  assuming 
normally distributed data was performed on  data collected using both sampling 
methods at the same sites (n=5). No significant difference was found (p > 0.05) so 
data was pooled for further analyses. 
Multivariate analyses 
Analyses were conducted to examine spatial trends in the macroinvertebrate 
composition of benthic habitats between regions and between locations within regions 
(nearshore, lagoon and backreef) where lagoonal areas were surveyed. Multivariate 
analyses were conducted using the PRIMER v6 statistical package (Clarke and  
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Warwick 2001). The tests were based on a Bray-Curtis rank similarity matrix, 
calculated using log(x+1) transformed data (Clarke and Warwick 2001). Non-metric 
multidimensional scaling (nMDS) was used for initial interpretation of spatial patterns 
and one-way analysis of similarity (ANOSIM) was used to determine any significance 
of spatial differences in habitat compositions (Clarke and Warwick 2001). A 
similarity percentage routine (SIMPER) (Clarke and Warwick 2001) was then used to 
examine individual macroinvertebrate categories’ contributions to any observed 
similarities in composition (within regions and locations) or differences in 
composition between regions and locations. 
Univariate analysis 
 
A comparison of mean invertebrate densities within lagoonal regions was conducted 
using Levene’s test for homogeneity of variance and then one-way analysis of 
variance (ANOVA) where sampling sites were too few for PRIMER analyses (usually 
< 10 sites).  
Correlations: Habitat types v Macroinvertebrate densities    
  
Scatter plots were created to identify potentially significant relationships between 
habitat type (substrate % cover, Chapter 2) and invertebrate abundance and then 
Pearson’s correlations were utilised to further explore statistical relationships. 
3.3 Results 
3.3.1 Macroinvertebrate surveys 
 
Counts were recorded at all sites (103 sites, see Figures 3.1 – 3.5) for individual 
urchins (Echinometra mathaei), holothurians, tridacnid clams, the corallivorous snail, 
Drupella cornis and soft corals. Other macroinvertebrates, such as sea stars, trochus, 
large bivalves, sponges and octopus were grouped together as “other”.   
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(a) NW Cape Region 
Bundegi 
Nearshore habitats south of Bundegi beach were sampled and no macroinvertebrates 
were observed at any of the sites. 
North of Jurabi Point 
Nearshore areas at Graveyards, Baudin, Trisel, and Hunters were predominantly 
inhabited by urchins (5.37 m
-2) and clams (0.91 m
-2). Low densities (<0.2 m
-2) of 
holothurians, soft corals and sponges were also noted (Figure 3.6).  
 
Figure 3.6: Densities (± 1 SE) of key macroinvertebrate groups in the nearshore 
habitat north of Jurabi Point. 
 
(b) Tantabiddi to Yardie Creek Region 
Habitats in this region are home to a diverse number of macroinvertebrates (0.48 m
-2) 
including sponges, polychaetes, scallops, trochus, sea stars, octopus and assorted 
snails. Urchins (0.42 m
-2), drupella, (0.22 m
-2), holothurians (0.19 m
-2) and soft corals 
(0.19 m

































Figure 3.7: Densities (± 1 SE) of key macroinvertebrate groups in all habitats in the 
Tantabiddi to Yardie Creek region. 
 
 
Nearshore areas sampled had very low densities (<0.22 m
-2) of urchins, clams,  
holothurians and drupella. However, high densities (~9 m
-2) of polychaetes recorded 
at one nearshore site were responsible for a higher mean count (~1.0 m
-2) of “other” 
invertebrates (Figure 3.8). 
 
 
Figure 3.8: Densities (± 1 SE) of  key macroinvertebrate groups in the nearshore 
































































Lagoonal areas surveyed had higher densities of urchins (0.61 m
-2) on patch reefs and 
low densities of holothurians and soft corals (~0.2 m
-2) in sandy lagoons. Other 
macroinvertebrates (~0.4 m
-2) included sponges, trochus, sea stars and assorted snails 




Figure 3.9: Densities  (± 1 SE) of key macroinvertebrate groups in the lagoonal 
habitat in the Tantabiddi to Yardie Creek region. 
 
 
Backreef sites sampled were found to have a diverse mix of invertebrates, with 
urchins (0.49 m
-2) and drupella  (0.33 m
-2) present in backreef coral gardens. 
Holothurians (0.18 m
-2), and soft corals (0.16 m
-2) were also evident in small numbers 
in shallow sandy patches. Other macroinvertebrates (0.14 m
-2) included trochus, sea 
































Figure 3.10: Densities (± 1 SE) of key macroinvertebrate groups in the back reef 




(c) Point Cloates Region 
 
This region is characterised by a vast, shallow sandy lagoon that begins virtually at 
the shore and is typically bordered by very shallow (<1 m) backreef offshore. Lagoon 
widths in the region range between 700 m and 6 km and substrates consist primarily 
of sand veneer on limestone that supports large areas of macroalgae, particularly near 
Point Cloates and Jane’s Bay. Sampling for macroinvertebrates was limited to 
nearshore areas (same as lagoon) and the fringing backreef. Areas surveyed had much 
higher mean densities of urchins (~8.00 m
-2) and clams (~0.83 m
-2) in backreef sites 
than in sandy nearshore sites (~0.67 m
-2). No clams or holothurians were sighted in 
nearshore sampling but a number of sea stars (~0.21 m
































Figure 3.11: Densities (± 1 SE) of key macroinvertebrate groups in backreef and 
nearshore habitats in the Point Cloates region. 
 
 (d) Coral Bay Region 
Habitats surveyed in this region are a diverse mosaic of large patch reefs, interspersed 
with shallow (< 4 m) sandy lagoonal areas and nearshore limestone platforms. They 
support a range of invertebrate communities, including urchins (1.33 m
-2), drupella 
(0.52 m
-2) clams (0.30 m
-2), holothurians (0.15 m
-2) and a variety of other 
invertebrates (0.47 m
-2) such as seastars, trochus, bivalves, and snails (Figure 3.12).  
 
Figure 3.12: Densities (± 1 SE) of key macroinvertebrate groups in all habitats in the 






























































The Coral Bay region can be divided into two sub-regions; North (Maude Sanctuary 
zone) and South (Recreation Zone). Nearshore sites surveyed in Maude Sanctuary 
zone (Figure 3.13) were typically inhabited by Tridacnid clams (0.37 m
-2), soft corals 
(0.33 m
-2), urchins (0.27 m
-2) and drupella (0.27 m
-2). In contrast, nearshore sites in 
the southern recreation zone (Figure 3.14) were typically populated by higher 
densities of urchins (4.06 m
-2) on limestone ridges and platforms and a small number 
of holothurians (0.49  m
-2) in sandy nearshore patches.  
 
Figure 3.13: Densities (± 1 SE) of key macroinvertebrate groups in the nearshore 




Figure 3.14: Densities (± 1 SE) of key macroinvertebrate groups in the nearshore 



























































Lagoonal areas surveyed in Maude Sanctuary zone had much greater densities of the 
corallivorous snail, Drupella cornis (1.49 m
-2) when compared to densities in the 
southern recreation zone (0.08 m
-2). However the urchin densities in Maude Sanctuary 
zone were around 40% of densities recorded at sites in the southern recreation zone 
(0.85 m
-2  compared to 2.13 m
-2) and clams, holothurians and other invertebrate 
densities recorded in Maude sanctuary zone (Figure 3.15) were noted to be around 
half of those recorded in the southern recreation zone (Figure 3.16). 
 
Figure 3.15: Densities  (± 1 SE) of key macroinvertebrate groups in the lagoonal 




Figure 3.16: Densities  (± 1 SE) of key macroinvertebrate groups in the lagoonal 


























































Backreef habitat types were found to be fairly consistent between Maude Sanctuary 
zone and the southern recreation zone. Urchins (0.86 m
-2) and drupella (0.64 m
-2) 
were typically found inhabiting backreef patch reefs as well as clams (0.34 m
-2) and 
other invertebrates (0.63 m
-2) such as sea stars, trochus, bivalves, and snails. A small 
number of holothurians (0.15 m
-2) were also typically found in sheltered sandy areas 
(Figure 3.17).  
 
 
Figure 3.17: Densities (± 1 SE) of key macroinvertebrate groups in the back reef 
habitat in the Coral Bay region. 
 
 
 (e) South Ningaloo Region 
Cape Farquhar 
Nearshore habitats sampled at Cape Farquhar (Figure 3.18) were mainly limestone 
platforms surrounded by shallow sandy substrates. The platforms were typically 
colonised by urchins (1.36 m
-2), holothurians (0.43 m
-2), clams (0.2 m


































Figure 3.18: Densities (± 1 SE) of key macroinvertebrate groups in the nearshore 
habitat in the Cape Farquhar region. 
 
Gnaraloo Bay 
Sites surveyed at Gnaraloo Bay were limestone platforms and shallow (<2m) 
nearshore patch reefs in calm sandy areas. These sites were inhabited by a diverse 
macroinvertebrate community including urchins (0.54 m
-2), soft corals (0.31 m
-2), 
drupella (0.29 m
-2) clams (0.22 m
-2) and a variety of other invertebrates (0.56 m
-2) 
such as sea stars, trochus, anemones, and  assorted snails (Figure 3.19). 
 
 
Figure 3.19: Densities (± 1 SE) of key macroinvertebrate groups in the nearshore 
























































3 mile  
Nearshore sites sampled at 3 mile Sanctuary and the neighbouring recreation zone 
were mostly nearshore subtidal and intertidal reef platforms, patch reefs and shallow 
coral gardens. Sites were predominantly urchin habitats (3.55m
-2) and reasonably high 
densities of drupella (2.24 m
-2) were also present in coral gardens. Lower densities of 
soft corals (0.53 m
-2), Tridacnid clams (0.51 m
-2) and holothurians (0.40 m
-2) were 




Figure 3.20: Densities (± 1 SE) of key macroinvertebrate groups in the nearshore 
habitat in the 3 mile region. 
 
Red Bluff 
Sites surveyed at Turtles Sanctuary and the neighbouring recreation zone at Red Bluff 
were characterised by subtidal and intertidal reef platforms nearshore. At Red Bluff, 
the subtidal platforms dropped off into deep water. All nearshore platforms were 
predominantly urchin habitat, with very high densities (12.36 m





























mathaei present. Tridacnid clams (1.10 m
-2) were also present in fairly high densities 




Figure 3.21: Densities (± 1 SE) of key macroinvertebrate groups in the nearshore 




3.3.2 Multivariate analyses – Macroinvertebrates 
 
Further analyses were conducted to examine spatial trends in the macroinvertebrate 
community composition of benthic habitats between regions, between management 
zones (Sanctuary and Recreation) and between locations within regions (nearshore, 
lagoon and backreef) where lagoonal areas were surveyed. Multivariate analyses were 
conducted using the PRIMER v6 statistical package (Clarke and Warwick 2001). 




































a) Comparisons between regions 
 
NW Cape v Tantabiddi - Yardie Creek (nearshore) 
Initial interpretation of spatial patterns using a non-metric multidimensional scaling 
(nMDS) plot indicated differences in macroinvertebrate  composition of nearshore 
benthic habitats between regions (Figure 3.22). One-way analysis of similarity 
(ANOSIM) using region as a group factor confirmed a significant dissimilarity in 
invertebrate community structure existed  between regions (average  dissimilarity = 
92.31, R = 0.456, p = 0.001), where R is based on the difference of mean ranks 
between groups and within groups (R= 0 indicates no differences between groups, 
R=1 indicates no similarities between groups).  The 2D stress was automatically 
assigned to the data sets during the ANOSIM routine after 999 permutations. 
 
Figure 3.22: nMDS plot indicating differences in macroinvertebrate composition of 
nearshore benthic habitats between regions (North West Cape (NW) vs. 




Additionally, similarity percentage analysis (SIMPER) indicated that urchins were the 
key species contributing to the regional dissimilarities in composition (55.38%) with 
average abundances 80 x more at NW Cape. Clams (17.63%) and other invertebrates 
(12.70%) also contributed to dissimilarities in community composition (Table 3.1). 
 
Table 3.1: Regional SIMPER results output –  North West Cape v Tantabiddi to   
Yardie Creek. 
 
Region  NW  T-Y  Average dissimilarity = 92.31    
Taxon  Av.Abund   Av.Abund  Av.Diss  Diss/SD  Contrib%  Cum.% 
URCHIN  1.66  0.02  51.12  3.84  55.38  55.38 
CLAM  0.60  0.04  16.27  2.10  17.63  73.01 
OTHER  0.10  0.39  11.72  0.72  12.70  85.71 





South Ningaloo v Tantabiddi - Yardie Creek (nearshore) 
Initial analysis of spatial patterns using an nMDS plot indicated differences in 
macroinvertebrate  composition of benthic habitats between regions (Figure 3.23). 
One-way ANOSIM using “region” as a group factor confirmed a significant 
dissimilarity in invertebrate community structure exists between regions (average 
dissimilarity = 82.53, R = 0.338, p = 0.001). Further SIMPER analysis indicated that 
urchins were the key species contributing to the regional dissimilarities in 
composition (36.74%) with average abundances 50 x more at South Ningaloo. Other 
invertebrates (17.51%), Drupella (15.14%), clams and holothurians (~11 % each) also 







Figure 3.23: nMDS plot indicating differences in macroinvertebrate composition of 
nearshore benthic habitats between regions (Tantabiddi to Yardie Creek 




Table 3.2: Regional SIMPER results output – South Ningaloo v Tantabiddi to Yardie 
Creek. 
 
Region  T-Y  S Ningaloo     Average dissimilarity = 82.53 
Taxon   Av.Abund 
   
Av.Abund  Av.Diss  Diss/SD  Contrib%  Cum.% 
URCHIN  0.02  1.05  30.32  1.43  36.74  36.74 
OTHER  0.39  0.24  14.45  0.90  17.51  54.25 
DRUPELLA  0.16  0.33  12.50  0.80  15.14  69.39 
CLAM  0.04  0.33  9.51  1.48  11.53  80.92 






b) Comparisons within regions and sub-regions (Sanctuary v Rec zones) 
 
Initial interpretation of spatial patterns using nMDS plots and ANOSIM (with a group 
factor of “zoning”) indicated  no significant differences in the macroinvertebrate 
community  composition of benthic habitats between management zones for 
Lighthouse, Jurabi, Tantabiddi, Mangrove Bay, Mandu, Osprey, Cloates, Turtles or 
Cape Farquhar Sanctuary zones and their neighbouring recreation zones. However, 
analyses of zoning data from Coral Bay and South Ningaloo indicated some 




Although no significant differences in the macroinvertebrate community composition 
in backreef or lagoonal benthic habitats were evident between Maude Sanctuary and 
adjacent recreation zones, nearshore habitats differed in community  composition. 
Preliminary analysis of spatial patterns using an nMDS plot indicated differences in 
macroinvertebrate composition of benthic habitats between zones (Figure 3.24). One-
way ANOSIM using “zoning” as a group factor confirmed a considerable (90% 
confidence interval) dissimilarity in invertebrate community structure exists between 
nearshore management zones (average dissimilarity = 79.29, R = 0.444, p = 0.057). 
Further SIMPER analysis indicated that urchins (37.22%) were the key species 
contributing to the dissimilarities in composition between zones with holothurians 





Figure 3.24: nMDS plot indicating differences in macroinvertebrate composition of 
nearshore benthic habitats between sanctuary (S) and recreation (R) 
zones in the Coral Bay region. 
 
 
Table 3.3: Management zoning SIMPER results output –  Coral Bay (Maude 
Sanctuary). 
 
Region  Sanctuary  Rec     Average dissimilarity = 79.29 
Taxon  Av.Abund  Av.Abund  Av.Diss  Diss/SD  Contrib%  Cum.% 
URCHIN  0.03  1.11  29.51  1.64  37.22  37.22 
HOLOTHURIAN  0.03  0.39  14.68  1.64  18.51  55.73 
DRUPELLA  0.3  0.16  9.94  1.05  12.54  68.27 
OTHER  0.06  0.29  8.53  1.77  10.76  79.03 
SOFT CORAL  0.27  0  8.34  0.53  10.51  89.54 
 
South Ningaloo 
Data analysis of spatial trends using an nMDS plot indicated differences in 
macroinvertebrate composition of benthic habitats between Gnaraloo Sanctuary and 
the adjacent recreation zone (Figure 3.25). One-way ANOSIM using “zoning” as a 
group factor confirmed that a significant dissimilarity in invertebrate community 
structure exists between nearshore management zones (average dissimilarity = 81.11,  
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R = 0.67, p = 0.036). Further SIMPER analysis indicated that urchins (32.65%) were 
the key species contributing to the dissimilarities in composition between zones with 
drupella  (20.25%) and other invertebrates (19.01%) also contributing to 




Figure 3.25: nMDS plot indicating differences in macroinvertebrate composition of 
nearshore benthic habitats between sanctuary (S) and recreation (R) 
zones in the Gnaraloo region. 
 
 
Table 3.4: Management zoning SIMPER results output – Ningaloo south (Gnaraloo 
Sanctuary). 
 
Region  Sanctuary  Rec     Average dissimilarity = 81.11 
Taxon  Av.Abund  Av.Abund  Av.Diss  Diss/SD  Contrib%  Cum.% 
URCHIN  1.05  0.45  26.49  1.38  32.65  32.65 
DRUPELLA  0  0.53  16.43  1.17  20.25  52.91 
OTHER  0.02  0.41  15.42  1.24  19.01  71.92 
SOFT CORAL  0  0.33  9.45  1.11  11.64  83.56 
CLAM  0.3  0.24  8.88  1.62  10.94  94.5  
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c) Comparisons between locations within lagoonal regions  
 
Multivariate data analysis of lagoonal regions sampled did not indicate any significant 
dissimilarity in invertebrate community structure between nearshore, lagoon and 
backreef areas. This result was in part, due to the high variability of habitat types in 
these areas, particularly in the Coral bay and Tantabiddi regions (Chapter 2). Further 
univariate analysis (2-way ANOVA) of lagoonal regions did however determine a 
significant interaction between invertebrate species densities and nearshore and 
backreef areas in the Point Cloates region (Table 3.5).  
Table 3.5: Results of 2-way ANOVA on invertebrate densities, with invertebrates and 
area (backreef or nearshore) as factors; n = 6, α = 0.05. ** denotes a 
significant result. 
 
Source  Type III SS  df  Mean Sq  F  Sig. 
Corrected Model  170.519  11  15.502  8.542  .000 
Intercept  25.267  1  25.267  13.923  .001 
Invertebrates  88.814  5  17.763  9.788  .000** 
Area  17.195  1  17.195  9.475  .005** 
Inverts * Area  64.511  5  12.902  7.110  .000** 
Error  43.554  24  1.815     
Total  239.341  36       
Corrected Total  214.073  35          
 
d) Correlations: Habitat types v Macroinvertebrate densities    
 
Scatter plots were created to identify potentially significant relationships between 
habitat type (substrate % cover, Chapter 2) and invertebrate abundance. Scatter plots 
indicated a positive correlation between urchins and turf algae (Figure 3.26), urchins 
and limestone pavement (Figure 3.27) and urchins and limestone pavement/turf algae 
combined (Figure 3.28). A negative correlation was also evident between urchins and 
sand (Figure 3.29). Pearson’s correlation test was utilised to explore statistical 
relationships of all substrate categories with urchin densities, and all of the above 




Figure 3.26: Scatter plot with +ve trend line for urchin density v turf algae (n = 103). 
 
Figure 3.27: Scatter plot with +ve trend line for urchin density v limestone pavement 









































































































Sand % cover 
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The strongest positive correlation observed was between urchins and habitats that 
contained turf algae (R = 0.743, p < 0.001), followed by habitats that contained a 
combination of limestone pavement and turf algae (R= 0.613, p < 0.001). A weak but 
significant negative relationship (R = -0.268, p < 0.005) between urchins and sandy 
habitats was also apparent (Table 3.6). 
 
Table 3.6: Significant results of Pearson Correlation Tests for Urchins v Habitat type. 
LP = Limestone Pavement, all correlations are significant ** (n = 103). 
 
Urchins v Substrate   Urchins  Turf  LP  LP+Turf  Sand 
Pearson Correlation R   1  .743  .419  .613  -.268 
Significance (p)  x  .000**  .000**  .000**  .006** 
n   103  103  103  103  103 
 




The primary focus of this study was to quantify the abundance and distribution of 
Echinometra mathaei within lagoonal areas of Ningaloo Marine Park (NMP) and to 
then investigate the relevance of relationships between urchins and habitat type 
(Chapter  2), management zoning and other factors that may affect this species’ 
distribution and abundance.  
 
Prior studies have to some extent quantified macroinvertebrate abundances at 
Ningaloo reef (Holborn et al. 1994, Westera 2003, Shiell and Uthicke 2006, Webster 
2007, Babcock et al. 2009, Johansson et al. 2010, Shiell and Knott 2010, Black et al. 
2011). However urchin sampling has been spatially inadequate; conducted in limited 
areas within the park (Westera 2003, Webster 2007, Johansson et al. 2010) or has 
focussed upon a certain habitat type, such as intertidal platforms (Black et al. 2011) or 
reef slope (Johansson et al. 2010). In addition, other macroinvertebrate studies at NMP 
in recent years have quantified selected species populations such as rock lobsters 
(Babcock  et al. 2009), holothurians (Shiell and Knott 2010)  and  Drupella cornis 
(Holborn et al. 1994). This current study is the first to specifically focus upon the 
abundance and distribution of E. mathaei (and other important macroinvertebrates) 
across a broad range of habitats, management zones and locations within NMP. The 
comprehensive macroinvertebrate survey data provide a significant amount of new 
quantitative information about the lagoonal and nearshore habitats of Ningaloo reef. 
Such essential baseline information enhances the capacity for managers to facilitate 
further well-informed conservation and monitoring programmes within NMP. 
 
This study indicates that there is no clear pattern in macroinvertebrate abundance and 
density resulting from management zonation (Sanctuary v Recreation) at this stage.  
98 
 
Multivariate analyses showed  no significant differences in the macroinvertebrate 
community  composition of benthic habitats between management zones and their 
neighbouring recreation zones for Lighthouse, Jurabi, Tantabiddi, Mangrove Bay, 
Mandu, Osprey, Cloates, Turtles or Cape Farquhar Sanctuary zones. However, 
analyses of zoning data from Coral Bay, Point Cloates and South Ningaloo indicated 
some differences between management zones but with contrasting results. 
 
The Coral Bay data analysis indicated a noticeable difference (average dissimilarity = 
79.29, R = 0.444, p = 0.057) in macroinvertebrate composition between management 
zones, with urchins driving the observed differences (urchins densities were 15x 
higher in nearshore areas and twice as high in lagoonal patch reefs in the recreation 
zone south of Coral Bay). Alternatively in the South Ningaloo region, the greatest 
dissimilarity in macroinvertebrate composition (average dissimilarity = 81.11, R = 
0.67, p = 0.036) between management zones was recorded but in this case, urchin 
densities were highest in the Sanctuary zone at Gnaraloo Bay. Drupella and other 
invertebrates also contributed significantly.  Furthermore, very high densities of E. 
mathaei were recorded on shallow backreef sites at Point Cloates Sanctuary, (with 
some quadrats recording over 60 individuals m
-2) but much lower densities were 
recorded in lagoon and nearshore habitats. Univariate analysis (2-way ANOVA) of 
lagoonal areas at Point Cloates Sanctuary confirmed a significant interaction between 
invertebrate species densities in nearshore and backreef areas (section 3.3.2.c). 
 
Westera (2003) contended that higher urchin abundances at Mandu recreation zone, 
coupled with lower urchin densities and higher macroalgae cover in neighbouring 
Mandu Sanctuary were the result of a trophic cascade. Westera (2003) argued that this  
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was possibly due to over-fishing of invertivorous species known to predate upon E. 
mathaei, namely Lethrinus nebulosus or Spangled Emperor. There was no evidence to 
support this conclusion from this study. No significant differences were found in the 
macroinvertebrate community composition of benthic habitats at Mandu. Mean urchin 
densities quantified at four sampling sites within Mandu sanctuary were relatively low 
( ~ 0.5 individuals m
-2) but were three times higher than those in the surrounding 
recreational zone. 
 
Habitat type however was the overriding factor affecting urchin distribution within 
NMP. The high variability of habitat types identified (in Chapter 2), determined 
invertebrate community structure so, in turn this affects variability of urchin densities 
overall. Habitats differed in invertebrate community structure between some regions, 
sub-regions and between sites, within lagoonal regions. The highest mean urchin 
abundances (around 17 individuals m
-2) occurred on nearshore limestone platforms at 
Turtles Sanctuary, South Ningaloo. Very high mean densities (around 10 individuals 
m
-2)  were also recorded nearshore at Lighthouse Bay in both sanctuary and 
recreational zones, and in backreef areas at Point Cloates Sanctuary zone. All of these 
areas were characterised by shallow, high energy habitats with predominantly 
limestone pavement substrate, usually supporting turf algae and small (< 50 mm high) 
macroalgae (see Chapter 2).  
 
In comparison, E. mathaei densities of up to 12 individuals m
-2 were recorded by 
Johansson et al. (2010) in reef slope surveys at Jurabi, Maude and Pelican Sanctuaries 
but interestingly they reported extremely low numbers (0.3 individuals m
-2) in 
backreef surveys and no urchins in lagoon habitats. In contrast, lagoon habitats in the  
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current study had mean E. mathaei densities of around 1.5 individuals m
-2 at Coral 
Bay (with one lagoonal patch reef recording densities of around 11 individuals m
-2)
 
and 0.6  individuals m
-2  at Point Cloates and at Tantabiddi–Yardie Creek regions. 
Lagoon habitats at NMP are typically sandy, with intermittent patch reefs in some 
areas (Chapter 2). Urchins counted in lagoonal areas in this study were predominantly 
seen on patch reefs. A weak but significant negative correlation was also evident 
between urchins and sandy habitats. 
 
One would not expect to find E. mathaei living in sandy substrates, but rather in 
burrows in limestone pavement, on shallow nearshore platforms or patch reefs 
(Asgaard and Bromley 2008). However, Johansson and colleagues (2010) deliberately 
excluded open sand areas from their sampling regime, so the lack of E. mathaei in 
their survey is remarkable. This highlights the problematic nature of representative 
sampling in a reef system as vast and remote as Ningaloo. 
 
Correlations between urchin densities and substrate type (section 3.3.2.d) confirmed 
that habitat type plays an important role in determining urchin distribution and 
abundance at NMP. Results indicated a strong positive correlation between urchins 
and turf algae, urchins and limestone pavement and urchins and limestone 
pavement/turf algae combined.  As previously mentioned, high  urchin abundances 
were recorded at nearshore intertidal and sub-tidal platforms in Northern and Southern 
regions, at backreef areas at Point Cloates and in some lagoonal patch reefs near Coral 
Bay. All of these habitats were predominantly limestone pavement with turf algae 
(Chapter 2). In other words, habitats at NMP that consist mainly of limestone 
pavement with turf algae are preferred by E. mathaei. In addition, prior research at  
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NMP and at Rottnest Island in Western Australia also found that shallow limestone 
substrates supported turf algae and E. mathaei  (Prince 1995, Cassata and Collins 
2008). 
 
Urchins in the Echinometridae family are known to inhabit shallow, high energy coral 
reef substrates throughout the World (Asgaard and Bromley 2008). E. mathaei and 
their northern hemisphere cousin, E. lucunter are known rock borers and high density 
populations have long been associated with damage to shallow limestone pavement 
habitats in the Caribbean, the Red Sea, Japan, Hawaii, the South Pacific, and the West 
Indian Ocean (Khamala 1971, Russo 1980, Downing and El-Zahr 1987, McClanahan 
1994, Mills et al. 2000, Peyrot-Clausade et al. 2000, Appana and Vuki 2003).  
 
In some coral reef systems, where competition from herbivorous fish has been 
removed, along with urchin predator species (usually by over-fishing in artisanal 
fisheries) urchin overgrazing has been an ongoing issue. For example, Kenyan coral 
reefs have been severely impacted by over-fishing and subsequent increases in E. 
mathaei  populations  (Muthiga and McClanahan 1987, McClanahan and Muthiga 
1988, McClanahan 1998). Although high densities of E. mathaei were recorded at 
several locations at NMP in the current study and in prior studies (Westera 2003, 
Johansson et al. 2010), there is no evidence to suggest that urchins are having a 
detrimental effect on the reef system. The fishery at NMP is strictly recreational, with 
the exception of one relatively small special purpose zone (CALM 2005). Herbivorous 
fish are abundant (Webster 2007, Johansson et al. 2010) and urchin predator species 
are present in both sanctuary and recreation zones within the park (Marriott et al. 
2010). The fishing pressure within NMP is about 40x lower than on Kenyan reefs  
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(Webster 2007), so fishing within the park does not appear to be a determining factor 
of urchin distribution and abundance and therefore would not have a significant impact 
on community structure at NMP. 
 
In addition, E .mathaei, is not an aggressive grazer but is primarily cryptic and tends to 
remain in burrows, feeding by capturing drifting particles and “gardening” within its 
burrow  (Asgaard and Bromley 2008). Prior studies at NMP  determined that  E. 
mathaei  was a relatively insignificant grazer in comparison to herbivorous fish 
(Webster, 2007). Urchin distribution and abundance at NMP is therefore more than 
likely a natural feature of this reef system (Johansson et al. 2010). Urchin grazing and 
bioerosion at NMP will however be discussed further in Chapter 4.  
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4: Field experiments: Urchin herbivory and bioerosion 
4.1 Introduction 
There have been a number of studies in recent years that have examined the flow-on 
effects of over-fishing upon urchin habitats in lagoonal coral reefs (i.e. increased 
urchin numbers, bioerosion and grazing), particularly in Kenya and Tanzania 
(McClanahan 1994,  McClanahan and Mutere 1994,  McClanahan 1995c,  1998, 
McClanahan et al. 2000), and the Caribbean (McClanahan 1999, Pinnegar et al. 2000, 
Mumby et al. 2006). 
 
In addition, urchin herbivory and its associated bioerosion on coral reefs has been 
well documented in the South Pacific (Dumas et al. 2007, Mapstone et al. 2007), 
Eastern Pacific (Glynn 1994,  Reaka-Kudla et al. 1996), the Caribbean (Brown-
Saracino et al. 2007) and the West Indian Ocean (Carreiro-Silva and McClanahan 
2001). Bioerosion field experiments have also recently been conducted on the Great 
Barrier Reef (Tribollet and Golubic 2005). However, coral reef bioerosion has not 
been investigated in any detail in tropical Western Australia, with preliminary surveys 
only recently completed at Ningaloo Marine Park (Johansson et al. 2010). 
 
The term ‘bioerosion’ was first coined in a study of coastal erosion in Bermuda in the 
1960s. It described the removal of substrate by the direct action of organisms 
(Neumann 1966, Glynn 1997). A bioeroder is any individual that erodes and weakens 
the calcareous skeletons of reef-building species (i.e. coral and coralline algae, (Glynn 
1997). Neumann (1966) noted that the destructive sponge, Cliona lampa, was capable 
of bioeroding up to seven kilograms of material from one square meter of substrate in  
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100 days. However, some of the highest bioerosion rates measured for any reef 
system to date have been recorded in the Galapagos Islands and Panama where rates 
of 25.4 and 26.1 kg m
-2 yr
-1 respectively were measured (Reaka-Kudla et al. 1996, 
Manzello et al. 2008). Reaka-Kudla and colleagues (1996) observed dense 
populations of the slate pencil sea urchin Eucidaris thouarsii (Valenciennes) grazing 
on both live coral and algae at Champion Island (Galapagos Islands). They calculated 
that E. thouarsii were responsible for 67-75% of erosion and suggested that if such 
high bioerosion rates persisted and coral recruitment rates did not increase, the coral 
reefs of the Galapagos Islands could disappear. 
 
Sea urchins can therefore have a significant influence upon the ecological structure of 
coral reefs through grazing and the subsequent bioerosion of substrata, which in turn 
may influence competition for space between corals and algae (Bak 1990, 
McClanahan 1998, Griffin et al. 2003, Mapstone et al. 2007). Urchin bioerosion can 
also influence coral settlement (Mokady et al. 1996) and play an important role in 
recycling sediments and nutrients (Mills et al. 2000). For example, urchin faecal 
pellets are a protein-rich source of food for coprophagous reef fish and filter feeders 
(Mills et al. 2000). The sediment component of urchin faecal pellets can be as high as 
90%  (Glynn et al. 1979,  Mokady et al. 1996)  and much of this resettles and 
accumulates, contributing to the formation of new substrates that may in turn be 
colonised by sedentary benthic invertebrates (Mills et al. 2000). 
 
Many herbivorous fish species also erode substrate when grazing but the impact is 
minor when compared to urchins. Even low densities of urchins will cause more 
substrate damage when grazing than fish (Mills et al. 2000). Bioerosion by urchins  
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can affect coral reef structure both directly through grazing behaviour and indirectly 
through erosion and the subsequent weakening of structural integrity, which may lead 
to further breakdowns of reef structure during storms or cyclones (Bak 1990, 1994, 
Pari et al. 2002). Loss of reef structure can subsequently limit space for coral 
recruitment which further alters the balance between reef growth and reef destruction 
(Pari et al. 2002). The level of bioerosion impact is dependent upon a number of 
related factors including urchin species and size, population densities, environmental 
conditions and urchin behaviour (Griffin et al. 2003). 
 
A secondary aspect of urchin bioerosion that can also have a major impact on reef 
structure is spine abrasion (Bak 1994). This and other abrasive feeding activities 
create the burrows and cavities that are commonly associated with bioeroding species 
such as E. mathaei, the most abundant herbivore on many tropical reefs (Mills et al. 
2000,  Appana and Vuki 2003)  and  E. lucunter  (Linnaeus), an important Atlantic 
species (Bak 1994, Mapstone et al. 2007). 
 
High-density populations (12-100 urchins m
-2) of E. mathaei and E. lucunter have 
been shown to cause reef damage in a number of studies at diverse locations across 
the globe (see Appana and Vuki, 2003). For example, heavily overfished Kenyan 
reefs were found to have E. mathaei populations that had increased five-fold over 15 
years. The most degraded reef had been transformed into an almost monospecific 
barren of E. mathaei  with urchins living outside burrows suggesting that they no 
longer were threatened by predation or competition and had become the dominant 
grazer on the reef (McClanahan and Muthiga 1988). In an earlier study of a fringing 
reef at Diani, Kenya, results suggested that reef substrate degradation rates were  
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directly proportional to E. mathaei densities and biomass (Muthiga and McClanahan 
1987). 
 
In later field experiments, McClanahan and colleagues (1996, 2000) noted that 
although a high abundance of sea urchins may suppress the revival of fish and coral 
populations in Kenyan reefs, sea urchin reductions from reefs that are severely 
degraded, combined with reduced fishing, has the potential to increase reef fisheries 
production and therefore recovery from overfishing (McClanahan et al. 1996). 
Increased fisheries production (in particular herbivores such as parrotfish and 
wrasses) led to the eventual loss of algae which, combined with reduced sea urchin 
grazing and bioerosion, promoted hard coral recovery over time (McClanahan et al. 
2000). It was concluded that, given enough recovery time (i.e. years) urchin reduction 
after the cessation of fishing is a useful reef restoration technique when combined 
with appropriate reef management practices (i.e. fishing restrictions). (McClanahan et 
al. 1996, McClanahan et al. 2000). 
 
Even so, the relative importance of the role of sea urchins in influencing the 
composition and structure of coral reef habitats has rarely been explored in depth 
(Mapstone et al. 2007). Traditionally, urchin grazing and bioerosion rates on coral 
reefs have been estimated using established methods to measure gut evacuation and 
ingestion rates (Downing and El-Zahr 1987, McClanahan and Kurtis 1991, Peyrot-
Clausade et al. 2000, Carreiro-Silva and McClanahan 2001, Brown-Saracino et al. 
2007) or by direct measurement of grazing and substrate loss on experimental coral 
blocks, both in laboratory experiments and in the field (Pari et al. 2002, Appana and 
Vuki 2003, Irving and Witman 2009).   
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Furthermore, a number of studies have utilised individual species-specific rates 
obtained from prior publications to estimate urchin bioerosion and herbivory. For 
example, on Kenyan reefs, Carreiro-Silva and McClanahan (2001) used E. mathaei 
rates from previous studies in the same area (McClanahan and Kurtis 1991)  to 
compare effects of different levels of protection (from fishing and coral collection) on 
urchin grazing and erosion. More recently a preliminary study of the potential 
indicators of coral reef decline (macroalgae and urchins) at Ningaloo Reef used these 
same daily erosion rates (species-specific rates were obtained from McClanahan and 
Kurtis (1991) for E. mathaei and Carreiro-Silva and McClanahan (2001) for Diadema 
sp.) to estimate annual carbonate and algal removal by two species of urchins on reef 
slope, back reef and lagoonal areas within three sanctuary zones in Ningaloo Marine 
Park (Johansson et al. 2010). To date, this latest study is the only one to document an 
estimation of grazing/bioerosion rates by E. mathaei and Diadema sp. at Ningaloo. 
However the urchin abundances recorded in lagoon and backreef areas by Johansson 
et al. (2010) were significantly different to abundance figures obtained from other 
recent field surveys in similar areas of NMP (see Chapter 3).  
 
Daily urchin grazing and bioerosion rates are difficult to establish over large spatial 
scales (such as 10’s to 100’s of km for Ningaloo Reef) as rates may differ between 
sites and over time (Peyrot-Clausade et al. 1995, Pari et al. 1998). In addition, these 
differences may be influenced by a number of environmental or anthropogenic factors 
that also have spatial and temporal variability (Pari et al. 2002). So erosion estimates 
that have been calculated using rates obtained from a different time (1991) and 
location (East coast of Africa), together with abundance data that differs significantly 
from other related surveys may not necessarily provide an accurate assessment of  
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grazing and bioerosion by E. mathaei in the lagoonal coral reef habitats of Ningaloo 
Marine Park.  
 
The primary focus of this study was to therefore quantify the grazing and consequent 
bioerosion rates of E. mathaei using an integrated approach; combining field survey 
data (Chapter 3), in situ cage experiments and gut content analyses of urchins to gain 
a more realistic view of the importance of bioerosion in  backreef, lagoon and 
nearshore habitats at Ningaloo Marine Park. The aim of the in situ cage experiments 
was to determine urchin grazing effects over time and space by testing whether urchin 
grazing rates were higher inside urchin burrows than outside burrows. The purpose of 
the second component of this study was to test for spatial variations in bioerosion 
rates, based upon habitat type, distribution and abundance within the NMP. 
4.2 Methods: In situ cage experiments 
4.2.1 Study site descriptions: Coral Bay 
 
The Coral Bay region (Figure 4.1) is bounded by Ningaloo’s fringing reef from Point 
Anderson to Bateman’s Bay. The fringing reef flat lies offshore as close as 400 m 
(south of Maude Sanctuary), is two km offshore at South passage, near Point 
Anderson and extends to six km offshore at the northern boundary of Maude 
sanctuary, near Cardabia Passage. Detailed habitat  characteristics  and invertebrate 
distribution in this region are described in Chapters 2 and 3. Two locations in the 
Recreation zone south of Coral Bay (one nearshore limestone ridge and one lagoonal 
patch reef, Figure 4.1) were selected for the cage experiments on the basis of substrate 
type, abundance of E. mathaei and feasibility for divers to safely set up and monitor 
the experiment. The two sites were ~1 km apart so that pseudoreplication and 




Figure 4.1:  Sampling sites – two locations (one lagoonal patch reef and one 
nearshore subtidal platform) south of Coral Bay.  
 
 
Substrate types at the sites (Chapter 2) were typically limestone pavement with turf 
algae cover, interspersed with sand/rubble and hard coral gardens (5 Fingers South: 
Site 1) or lagoonal patch reefs consisting of macroalgae, intact dead coral, with turf 
and coralline algae cover and a diverse variety of hard corals (Bill’s Bommie: Site 2). 
The nearshore site (Site 1) had an average depth of 1.5 m at high tide whereas the 
patch reef site (Site 2) was deeper (4 m at high tide). Site 1 was subject to higher wave 
energy than Site 2 due to the shallower average depth of the platform, whereas Site 2 
experienced higher levels of surge due to its proximity to South passage. Urchins tend 
to prefer high energy habitats (Chapter 3) so both sites had high numbers of E. 
mathaei (~ 10 m
-2). Cages were placed where the substrate was predominantly flat 
consolidated limestone or dead coral, with E. mathaei occupying longitudinal burrows 
on the surface and edges of the pavements (Figure 4.2).  
Coral Bay 




Figure 4.2: Photograph of typical E. mathaei longitudinal burrows on a lagoonal patch 
reef near Coral Bay, Western Australia. 
 
4.2.2 Experimental design: initial issues and solutions 
Pilot Study  
Initially a trial experiment was set up in June 2010 at site 2 to test the feasibility of 
using photo-quadrats with 50 cm square cages in field conditions to determine urchin 
grazing effects over time. The cages were constructed from galvanised, plastic coated 
2 mm gauge; 20 mm square meshed aviary wire and were 10 cm high. Cages were 
firmly attached to the reef with 60 mm galvanised concrete nails and 150 mm plastic 
cable ties. Six experimental treatments were used:  
1.  Uncaged control (50 cm x 50 cm photo quadrat). 
2.  Open cage (open at top to allow fish grazers). 
3.  Closed cage control (no urchins in cage). 
4.  Closed cage - 1 urchin (30% of mean urchin density at the site). 
5.  Closed cage - 3 urchins (100% of mean urchin density at the site). 
6.  Closed cage - 6 urchins (200% of mean urchin density at the site).  
111 
 
Five replicates of each treatment were placed randomly at the site and photo-quadrats 
of the substrate for each were taken before securing cages. The experiment ran for 12 
weeks and cages were regularly monitored and cleaned each month. On completion 
of the trial, cages were removed and treatments were re-photographed. To determine 
any grazing effects, 20 randomly selected points on each photo were analysed for 
substrate % cover (before and after the experiment) using the software program Coral 
Point Count with Excel extensions (CPCe), (Kohler and Gill 2005).  
Issues 
 
Of the 25 cages used for this experiment (five open, 20 closed), only 12 were 
recovered (two open, 10 closed) in September 2010. The remainder of the cages, 
although securely attached at the start of the pilot, had been dislodged by a 
combination of corrosion and strong storm surges during the course of the trial. The 
use of CPCe analysis to differentiate between certain fine scale substrate types at the 
site (such as turf, limestone pavement, dead coral and sand) was also problematic, so 
preliminary results did not indicate any marked changes in substrate composition 
between the “before and after” photo-quadrats at the end of the experiment. Further 
statistical analyses were not undertaken as the sample size for each of the (before and 
after) treatments was now inconsistent and too small (i.e. high probability of making 
a Type II error).  
 
The size and shape of the trial cages were therefore deemed unsuitable for the high 
energy conditions at either of the study sites as they created too much resistance for 
the restraints to hold for a prolonged period. In hindsight, the use of photo-quadrats 
and CPCe was also considered unsuitable for analysis of fine scale substrates at the 
study site. It was very difficult to distinguish some key substrates from one another,  
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even when the images were highly magnified. In particular, turf and limestone 
pavement were impossible to distinguish from each other in photos if a fine layer of 
sand had settled on the substrates.  
Solutions: Cage and settlement tiles experimental design 
The pilot study failed to quantify changes in substrate composition over time, so 
urchin grazing rates (of turf algae) were not successfully measured. Therefore a new, 
innovative design was developed to solve these and other challenges that this field 
experiment had raised. A second field experiment was initiated in January 2011. At 
each site (Figure 4.1), 50 ceramic tiles (45 mm x 45 mm x 5 mm matt finish) that had 
been pre-drilled (6 mm hole at the centre) were firmly attached to the substrate with 
40 mm galvanised concrete nails and left for two months to allow adequate time for 
algal recruitment. In March 2011 the settlement tiles were removed, patted dry and 
weighed (± 0.001 g). 72 tiles were then returned to the field (36 at each site) and set 
up in a new cage experiment design. To determine urchin grazing effects over time 
and space, the following six experimental treatments were used (three treatments on 
two levels - in and out of urchin burrows): 
1.  Uncaged control tile inside occupied burrow. 
2.  Open cage inside occupied burrow (open at top to allow fish grazers). 
3.  Closed cage control inside occupied burrow (no urchins in cage). 
4.  Uncaged control tile outside burrow. 
5.  Open cage outside burrow (open at top to allow fish grazers). 
6.  Closed cage control outside burrow (no urchins in cage). 
 
Each cage contained one settlement tile and each of the occupied urchin burrows 
contained one resident E. mathaei.   
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Twelve replicates of each treatment were placed randomly at the sites (six replicates 
at each site). The cages were again constructed from galvanised, plastic coated 2 mm 
gauge; 20 mm square meshed aviary wire. To mitigate effects of strong currents on 
the cages, their surface area was kept to a minimum by reducing the dimensions of 
closed and open cages to 60 mm x 60 mm and limiting the cage height to 40 mm. 
Cages and tiles were firmly attached to the reef with 40 mm galvanised concrete nails 
(Figure 4.3). The experiment ran for 12 weeks and cages were regularly monitored 
and cleaned each month.  










Figure 4.3: Examples of in situ tile experimental treatments used outside burrows   




It should be noted that after one week, divers observed that around half of the urchins 
were attempting to remove the tiles and cages from their burrows and some control 
tiles were already completely dislodged (see example in Figure 4.4).  
 
 
Figure 4.4: Photograph of E. mathaei in the process of removing a caged treatment 




Loosened tiles and cages were refastened. The use of concrete nails to firmly secure 
the treatments was assumed to be sufficient to mitigate the loss of samples from 
environmental factors (e.g. wave action and storm surges) or from biological factors 
(e.g. larger fish grazers or animistic behaviour of E. mathaei). On completion of the 
experiment in June 2011, the remaining cages and tiles were recovered and then dried 
and re-weighed (± 0.001 g).  
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4.2.3 Data analysis 
To determine urchin grazing effects over time, the difference between dried weights 
of the settlement tiles before and after the experiment was calculated by simply 
subtracting one from the other, giving a value for the change in algal cover (± 0.001 
g) for individual tiles over the course of the experiment (negative values indicated a 
net loss of algae). Percentage change in algal cover over time was also calculated for 
each tile recovered. Mean change in algal cover for each treatment was calculated (for 
dry weight and % change). Levene’s test for homogeneity of variance was utilised 
before a 2 x 3 factorial analysis of variance (2-way ANOVA for independent samples 
using SPSS 17.0 ©) was used to test for effects between the three treatments and the 
two levels (in and out of urchin burrows). A second 3-way ANOVA was then 
performed on the “before and after’ dried tile weights to test for effects over time. 
 
4.3 Methods: Gut content analyses and urchin morphometrics 
 
4.3.1 Study site descriptions 
 
This study was conducted at four regions in the Ningaloo Marine Park (Figure 4.5). 
Two nearshore sites (Lighthouse Bay in the north and Red Bluff in the south), one 
backreef site (Point Cloates) and one lagoonal patch reef site (Coral Bay) were 
selected on the basis of preferred urchin habitat type and abundance of E. mathaei 






Figure 4.5: Location of collection sites at Ningaloo Marine Park. E. mathaei were 
collected (n=20) from each site in December 2011(sites indicated by ◘). 
 
The nearshore sites were predominantly sub tidal and intertidal reef platforms, 
covered in dense mats of turf and macroalgae. Average depths of the platforms at high 
tide were 1.2 m. The Point Cloates site was a shallow backreef area consisting of turf 
covered limestone pavement (predominantly consolidated dead coral) with small, 
isolated patches of hard corals, sand and rubble. The area was exposed at low tide and 
the average depth at high tide was 1.2 m. The Coral Bay site was a large coral patch 
reef with areas of turf, macroalgae, and coralline algae on intact dead coral. This site 
had an average depth of 4 m at high tide. A more detailed description of habitat type 
and invertebrate community structure for each site is provided in Chapters 2 and 3.  
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4.3.2 Sampling design and methods 
Urchins were collected (n = 20) from each site in December 2011. As E. mathaei are 
nocturnal grazers (Bak 1990, Mills et al. 2000) and they generally empty their guts 
during the day (Peyrot-Clausade et al. 2000), sampling was conducted at first light to 
ensure that they had filled guts. Full gut contents therefore gave an estimation 
individual consumption of organic matter (algae) and CaCO3 (bioerosion) per day 
(Peyrot-Clausade et al. 2000). Individuals were collected and placed directly into 
heavy duty plastic bags to ensure no loss of faecal pellets (faecal material was later 
added to the gut content in the field laboratory).  Urchins were preserved in 70% 
ethanol prior to dissection in order to preserve them between sampling and 
processing. Ethanol also   hardens the gut lining and delicate internal organs and 
therefore avoids tissue damage during gut removal.  
 
Test diameter (mm), height (mm) and drained wet weight (g) were recorded before 
specimens were dissected by removing most of the aboral hemisphere to expose the 
gonads and gut. Gonads were then removed and a visual estimate of gut fullness 
recorded using an adapted eight point scale, where one indicated an empty gut and 
eight indicated a full or distended gut (Marchand et al. 1999). Guts were removed, 
faecal pellets added to the samples and then refrigerated in ethanol for transportation 
back to the Perth laboratory for further analyses. 
 
The contents of a 10 mm section of gut from 10 individuals (from each site) were 
placed in a Petri dish, grid-marked with 5 x 5 mm squares. Samples were examined 
under a dissecting microscope to ensure that all intestinal tissue was removed and to 
identify organic contents to broad functional groups. Five of the marked squares were  
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randomly selected as sub-samples for organic content estimates. Functional algal 
groups were selected based on field observations of the study sites. Algal groups 
observed in the field were brown, green and red foliose algae and turf matrix, 
(consisting of blue-green, coralline and filamentous alga < 2 cm high). Sponges were 
included as the fifth category. The contents were then ranked according to dominance 
(1-3) in each sub sample and where possible, identified further to genus level. 
 
Following the identification of organic gut composition, samples were then analysed 
for total organic and inorganic (fractional) content, adapting the methods of Carreiro-
Silva and McClanahan (2001) and Brown-Saracino et al. (2007). Gut contents of 10 
individuals (from each site) were separated from the gut lining by rinsing repeatedly 
with water. Contents were air dried for 48 h and weighed, then transferred to a 500°C 
oven for 5 h to consume any organic material. The samples were then re-weighed and 
the difference in weight before and after combustion was used as a measure of the 
proportion of organic material in each gut sample. Hydrochloric acid (5%) was then 
used to dissolve the CaCO3 from the samples which were then re-filtered and dried for 
48 h. The difference in the weight before and after the removal of CaCO3 was used as 
a measure of the proportion of CaCO3 in the guts of the urchins (bioerosion). The 
remaining gut contents were considered as non-calcium carbonate inorganic material 






4.3.3 Data analysis 
 Morphometrics 
 
Similarities or differences in mean urchin size, weight and gut fullness within and 
between the four study sites were determined for all data sets using one-way analysis 
of variance (ANOVA for independent samples, alpha = 0.05). Pairwise similarities or 
differences were then examined after using Levene’s test for homogeneity of variance 
to determine the appropriate post hoc tests. All means were expressed ± 1 Standard 
Error (SE).  
 Gut content (organic composition) 
 
Dominant algal groups were identified, ranked and tabulated, noting dominant genus 
where practicable. Ordinal algal composition data, ranked according to dominant 
functional group was then analysed for differences between regions using the 
nonparametric Mann-Whitney U Test in SPSS 17.0 ©. 
Gut content (fractional composition - organic, CaCO3 and inorganic residue) 
 
To examine the fractional gut composition of E. mathaei between samples taken from 
the four study sites, comparative gut content analyses were carried out using 
univariate methods. The null hypotheses being that there would be no significant 
differences in either fractional composition (organic, CaCO3 and inorganic residue) or 
urchin feeding preferences between the four regions, i.e. that E. mathaei  were 
opportunistic consumers with no predilection to any particular food source and that 
bioerosion rates would be variable between regions. Comparisons of fractional gut 
composition were analysed using a one-way ANOVA for independent samples to test 
for effects (alpha = 0.05) between the four regions. Pairwise similarities or differences 
were then examined after using Levene’s test for homogeneity of variance to  
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Individual daily bioerosion rates for each region were determined from the fractional 
gut content analysis to be the mean amount of CaCO3 ingested per urchin per day at 
each of the sampling site. Mean urchin densities (Chapter 3) from each site were then 
applied to the individual daily bioerosion rates to determine daily and annual regional 
bioerosion rates for the different habitats sampled. Results were expressed as mean g 
m
-2 day
-1 and kg m
-2 Year
-1 ± 1SE of CaCO3 consumed for each region and overall. 
 
4.4 Results: in situ cage experiments 
 
Of the 72 settlement tiles used for this experiment, 33 were recovered (nine from site 
1 and 24 from site 2). The majority of the 39 tiles lost were from site 1 (27/39) and at 
both sites most tiles were lost from treatments inside burrows (24/36).  
4.4.1 Temporal and spatial changes in algal cover  
 
The largest increase in algal cover was recorded for one of the control treatments, 
outside burrows (4.77 g, 17.3%) and the greatest loss of algae was noted for one of the 
open cage treatments inside burrows (-1.33 g, - 4.4%). A net loss in algal cover was 
recorded for 42% of recovered tiles inside burrows and a net gain in algal cover for 
the remaining 58%. On the other hand, only 19% of tiles from outside burrows 






Table 4.1:  Change in algal cover on recovered settlement tiles expressed as dry 
weight (± 0.001g) and % change (± 0.001%) for each treatment and 
location (in or out of E. mathaei burrows). Negative values indicate a net 
loss of algae. 
 
   Outside  Burrows     Inside  Burrows 
Difference  ± (g)   ± (%)     ± (g)   ± (%) 
Control  0.006  0.020    1.478  5.127 
Control  1.534  5.242    -0.492  -1.644 
Control  1.540  5.254    -0.573  -1.898 
Control  0.448  1.453    2.375  8.355 
Control  -1.310  -4.265       
Control  -0.013  -0.044       
Control  1.000  3.378       
Control  4.772  17.279       
Control  2.343  7.932       
Open  -0.863  -2.868    1.964  6.974 
Open  0.482  1.674    0.936  3.179 
Open  2.600  8.899    -0.531  -1.781 
Open  2.877  9.739    -0.055  -0.188 
Open  2.051  6.977    2.404  8.274 
Open  2.789  9.745    -1.327  -4.362 
Open  0.536  1.872       
Closed  -0.672  -2.134    0.903  2.996 
Closed  0.898  2.979    1.002  3.472 
Closed  0.733  2.385       
Closed  2.064  7.156       
Closed  1.693  5.799          
 
 
The mean change in algal cover (dry weight ± 1SE) for treatments outside of burrows 
was considerably higher for controls (1.15 ± 0.58 g) than for the corresponding inside 
burrow treatments (0.70 ± 0.73 g, Figure 4.6). The largest mean difference however, 
was between treatments for open cage tiles outside of burrows (1.50 ± 0.55 g) and 
open cage tiles inside burrows (0.56 ± 0.59 g). The mean change in algal cover for the 
closed cage treatments was almost identical for both inside burrows (0.94 ± 0.47 g) 
and outside burrows (0.95 ± 0.05 g). Although initial examination did not indicate 
significant differences between treatments for mean changes in algal cover (Figure 
4.5) there were notable differences between outside and inside burrows for the control  
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and open treatments of the experiment. Fifty per cent of tiles recovered from inside 
burrows for these treatments recorded a net loss of algae whereas only 18.75% of tiles 
recovered for the same treatments from outside burrows lost algae. All closed cage 
treatments recorded a net gain in algal cover except for one (outside burrows) that 
recorded a loss of 0.67 g (Table 4.1). The high variability of changes in algal cover 
between the samples is reflected in the large standard errors generated in this analysis 
(Figure 4.6).  
 
Figure 4.6: The mean change in algal cover (dry weight ± 1SE) for treatments outside 
and inside of E. mathaei burrows at Coral Bay, March-June 2011. 
 
4.4.2 Univariate comparisons (ANOVA) 
 
Firstly, a two way analysis of variance (with α set at 0.05) was completed on net 
change in algal cover (Table 4.2). Treatments and burrows (in or out) were set as 
independent variables and change in algae cover (dry weight) as the dependent 
variable. The analysis did not produce any statistically significant effects between 













































was then performed on the “before and after’ dried tile weights.  Treatments and 
burrows (in or out) were again set as independent variables and time (before and after) 
was added as a 3
rd independent variable. Dried tile weight was again the dependent 
variable. The analysis produced a significant effect (p < 0.001) for differences in tile 
weights over time (Table 4.3).  
Table 4.2: Results of 2-way ANOVA on the changes in algal cover, with treatments 
(control, open and closed cages) and burrows (in or out) as factors; n = 33, 
α = 0.05. 
Source  Type III SS  df  Mean Sq.  F  Sig. 
Corrected Model  3.427
a  5  .685  .318  .898 
Intercept  24.548  1  24.548  11.376  .002 
Burrows  1.372  1  1.372  .636  .432 
Treatment  .075  2  .038  .017  .983 
Burrows * Treatment  .940  2  .470  .218  .806 
Error  58.263  27  2.158     
Total  95.885  33       
Corrected Total  61.690  32       
a. R Squared = .056 (Adjusted R Squared = -.119) 
 
 
Table 4.3: Results of 3-way ANOVA on the temporal changes of dried tile weights, 
with time (before and after), treatments (control, open and closed cages) 
and burrows (in or out) as factors; n = 33, α  = 0.05. **  denotes a 
significant result. 
Source  Type III SS  df  Mean Sq.  F  Sig. 
Corrected Model  24.689
a  11  2.244  2.607  .010 
Intercept  47235.265  1  47235.265  54865.522  .000 
Time  12.274  1  12.274  14.257  .000 ** 
Treatment  1.851  2  .926  1.075  .348 
Burrow  2.572  1  2.572  2.988  .090 
Time * Treatment  .038  2  .019  .022  .978 
Time * Burrow  .686  1  .686  .797  .376 
Treatment * Burrow  .164  2  .082  .095  .909 
Time * Treatment * 
Burrow 
.470  2  .235  .273  .762 
Error  46.490  54  .861     
Total  59474.899  66       
Corrected Total  71.179  65       




4.5 Results: Gut content analyses and urchin morphometrics 
 
4.5.1 Comparisons of urchin size, weight and gut fullness between regions  
a) Lighthouse Bay 
 
Urchins sampled from Lighthouse Bay recorded the lowest mean gut fullness index 
(4.35), indicating urchin guts were around half full when collected. Mean test 
diameter (46.8 mm), test height (28.2 mm) and wet weight (~51.3 g) were all less than 
Red Bluff and Coral Bay samples but more than Point Cloates (Figure 4.7).  
b) Point Cloates 
 
Samples taken from the Point Cloates  region were the smallest recorded, having the 
lowest mean test diameter (44.25 mm), test height (26 mm) and wet weight (~45.5 g). 
The mean gut fullness index was the same as Red Bluff (5.2), which was more than 
Lighthouse Bay but less than Coral Bay (Figure 4.7). 
c) Coral Bay 
 
Urchins sampled from Coral Bay had the highest mean test diameter (~54 mm), wet 
weight (~71.5 g), mean gut   fullness index (6) and the 2
nd highest mean test height 
(31.5 mm), after Red Bluff (Figure 4.7). 
d) Red Bluff 
 
Samples taken from the Red Bluff reef platforms were marginally smaller than the 
Coral Bay samples with a mean test diameter of 53.5 mm but had a slightly larger 
mean test height (31.75 mm). Mean wet weight (~61 g) and gut fullness (5.2) were 










Figure 4.7: Regional comparison of urchin morphometrics (mean ± 1 SE) for a) Test 
diameter (mm), b)  Test height (mm), c)  Wet weight (g) and d)  Gut 



















































































































One way analysis of variance (with α set at 0.05) was completed on urchin size (test 
diameter and test height), weight and gut fullness between regions. Analysis indicated 
significant differences (p< 0.05) between regions for all dependant variables (Table 
4.4).  Levene’s test for homogeneity of variance determined that variances were 
significantly different between regions for the variables Test diameter, Test Height 
and Wet weight, so Dunnett’s T3 post hoc test (assuming unequal variances) was used 
for pair wise comparisons for each region (Table 4.5). 
 
Table 4.4:  Results of one way ANOVA between regions with urchin size (test 
diameter and test height), weight and gut fullness as dependent variables; 
n = 40, α = 0.05.   * denotes a significant result. 
 
Variable           Test                                        SS  df  Mean Sq  F  Sig (p). 
Test diameter  Between 
Groups 
1483.450  3  494.483  9.715  .000* 
Within 
Groups 
3868.500  76  50.901     
Total  5351.950  79       
Test height  Between 
Groups 
458.538  3  152.846  6.411  .001* 
Within 
Groups 
1811.950  76  23.841     
Total  2270.488  79       
Wet weight  Between 
Groups 
7825.083  3  2608.361  7.478  .000* 
Within 
Groups 
26508.658  76  348.798     
Total  34333.741  79       
Fullness  Between 
Groups 
27.238  3  9.079  3.504  .019* 
Within 
Groups 
196.950  76  2.591     






Although initial analysis (Table 4.4) indicated regional differences for all dependent 
variables, Post Hoc comparisons signify the two Southern regions (Red Bluff and 
Coral Bay) had statistically similar size, weight and gut fullness, as did the two 
northern regions (Pt. Cloates and Lighthouse Bay). However, differences in mean 
morphometrics between northern and southern sites were evident in pair wise 
comparisons  using Dunnett’s T3 test (Table 4.5). Mean test diameter differed 
significantly between Red Bluff and both Point Cloates (p = .004) and Lighthouse 
Bay (p = .035). Coral Bay was also significantly different to both Point Cloates (p 
=.001) and Lighthouse Bay (p = .004) (Table 4.4). Mean test height was significantly 
different between Point Cloates and both Red bluff (p = .011) and Coral Bay (p = 
.005) but not Lighthouse Bay (Table 4.5). Mean wet weights differed significantly 
between Coral Bay and both Point Cloates (p < .001) and Lighthouse Bay (p = .006) 
but no differences were evident between Red Bluff and the other three regions (Table 
4.4). Mean gut fullness was only significant between Coral Bay and Lighthouse Bay 
(p =. 008, Table 4.5). 
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Table 4.5: Results of Dunnett’s T3 post hoc pair wise comparisons between regions 
with urchin size (test diameter and test height), weight and gut fullness as 
factors; n = 40, α = 0.05.  * denotes a significant result. 
Dependent variable  (I) Region  (J) Region  Mean Diff (I-J)  SE  Sig (p). 
Test diameter  Red Bluff  Coral Bay  -0.85  1.75  .997 
Pt Cloates  9.25  2.48  .004 * 
Lighthouse 
Bay 
6.70  2.30  .035 * 
Coral Bay  Red Bluff  0.85  1.75  .997 
Pt Cloates  10.10  2.22  .001 * 
Lighthouse 
Bay 
7.55  2.01  .004 * 
Pt Cloates  Red Bluff  -9.25  2.48  .004 * 
Coral Bay  -10.10  2.22  .001 * 
Lighthouse 
Bay 
-2.55  2.67  .912 
Lighthouse 
Bay 
Red Bluff  -6.70  2.30  .035 * 
Coral Bay  -7.55  2.01  .004 * 
Pt Cloates  2.55  2.67  .912 
Test height  Red Bluff  Coral Bay  0.25  1.19  1.000 




3.55  1.62  .187 
Coral Bay  Red Bluff  -0.25  1.19  1.000 
Pt Cloates  5.50  1.46  .005 * 
Lighthouse 
Bay 
3.30  1.35  .116 
Pt Cloates  Red Bluff  -5.75  1.72  .011 * 
Coral Bay  -5.50  1.46  .005 * 
Lighthouse 
Bay 
-2.20  1.83  .789 
Lighthouse 
Bay 
Red Bluff  -3.55  1.62  .187 
Coral Bay  -3.30  1.35  .116 
Pt Cloates  2.20  1.83  .789 
Wet weight  Red Bluff  Coral Bay  -10.87  5.09  .211 
Pt Cloates  15.26  6.25  .108 
Lighthouse 
Bay 
9.35  6.41  .613 
Coral Bay  Red Bluff  10.87  5.09  .211 
Pt Cloates  26.13  5.36  .000 * 
Lighthouse 
Bay 




Pt Cloates  Red Bluff  -15.26  6.25  .108 
Coral Bay  -26.13  5.36  .000 * 
Lighthouse 
Bay 
-5.90  6.62  .935 
Lighthouse 
Bay 
Red Bluff  -9.35  6.41  .613 
Coral Bay  -20.22  5.54  .006 * 
Pt Cloates  5.90  6.62  .935 
Fullness  Red Bluff  Coral Bay  -0.80  0.53  .570 
Pt Cloates  0.00  0.54  1.000 
Lighthouse 
Bay 
0.85  0.52  .495 
Coral Bay  Red Bluff  0.80  0.53  .570 
Pt Cloates  0.80  0.50  .502 
Lighthouse 
Bay 
1.65  0.48  .008 * 
Pt Cloates  Red Bluff  0.00  0.54  1.000 
Coral Bay  -0.80  0.50  .502 
Lighthouse 
Bay 
0.85  0.49  .425 
Lighthouse 
Bay 
Red Bluff  -0.85  0.52  .495  
Coral Bay  -1.65  0.48  .008 * 
Pt Cloates  -0.85  0.49  .425 
 
4.5.2 Comparisons of urchin gut content between sampling sites 
Gut content (organic composition) 
 
The most common algal group found in samples was the foliose reds, which was the 
most recurrent dietary item in 3 of the 4 regions (Table 4.6). Laurencia was present in 
all gut samples and Eucheuma was also common in the Point Cloates samples. Turf 
algae was the dominant group in the Red Bluff samples and was the 2
nd  most 
dominant group in the other 3 regions. Turf matrices consisted of blue-green algae 
such as Calothrix and Lyngbya along with a number of unidentifiable coralline and 
filamentous algae. Foliose brown algae such as Sphacelaria and Lobophora were less 
common but present in the Coral Bay and Point Cloates samples. Sponge particles and 
spicules were also present in the Point Cloates samples (Table 4.6).   
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Table 4.6: Regional breakdown of dominant functional groups (most dominant  algae 
is ranked 1, x = not ranked for that region) in gut content samples 
collected at the NMP; n = 40.  
 
Site/Region  Turf  F. Red  F. Brown  F. Green  Sponge 
Red Bluff  1  2  3  x  x 
Coral Bay  2  1  3  4  x 
Pt . Cloates  2  1  x  x  3 
Lighthouse  Bay  2  1  x  x  x 
 
 
Individual Mann-Whitney U Tests for differences in ranked dietary preference 
between regions (n = 10) determined that there was a significant effect for turf (p = 
0.009) and for foliose reds (p = 0.010). This analysis highlights the difference in gut 
composition between the Red Bluff urchins, which was predominantly turf algae and 
urchins from the other sites, where red algae was more prevalent in diets. There was 
no significant effect between regions for foliose browns (p = 0.564) whereas foliose 
greens and sponges did not rank often enough to perform nonparametric tests. 
Gut content (fractional composition - organic, CaCO3 and inorganic residue) 
 
With the exception of Lighthouse Bay, urchins from all regions had a higher mean 
proportion of CaCO3 in their guts than organic matter (i.e. food items). Coral Bay and 
Red Bluff regions had around 65% mean CaCO3 content and Pt. Cloates urchins had 
around 58% mean CaCO3 content (Figure 4.8). Lighthouse Bay urchins had equal 
proportions (46% each) of CaCO3 and organic matter. In comparison, proportions of 
inorganic residue for each region were relatively small with Coral Bay urchins having 
the highest mean proportion (~8%, Figure 4.8).  
 
Mean gut content weights were noticeably different between the southern (Red bluff 
and Coral Bay) and northern (Pt. Cloates and Lighthouse Bay) regions, with higher 
mean weights of organic matter, CaCO3  and residue present in urchins from the  
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southern sites than in the northern sites (Figure 4.9). Coral Bay urchins had a higher 
mean CaCO3 content (0.82 g) than Red Bluff (0.71 g) and Lighthouse Bay (0.25 g). 
Red Bluff urchins had the highest mean organic content (0.31 g) followed by Coral 
Bay (0.28 g) and Lighthouse Bay (0.25 g). Coral Bay urchins also had a higher mean 
residue content (0.081 g) than Red Bluff (0.057 g) and Lighthouse Bay (0.045 g). 
Point Cloates urchins recorded the lowest mean weights for all gut content categories 
(Figure 4.9).     
 
 
Figure 4.8: Regional comparisons (mean % ± 1 SE) of fractional gut composition.  
 
 






























































































One way analysis of variance (with α  set at 0.05) was performed on urchin gut 
fractional composition (mean weight) between regions. Analysis indicated significant 
differences (p< 0.05) between regions for both CaCO3 and residue (Table 4.7).  
Table 4.7: Results of one way ANOVA between regions with composition (organic, 
CaCO3 and residue) as dependent variables; n = 40, α = 0.05.   * denotes a 
significant result. 






.120  3  .040  2.028  .127  
Within 
Groups  .710  36  .020     
Total  .830  39       
CaCO3  Between 
Groups 
2.839  3  .946  14.062  .000* 
Within 
Groups  2.422  36  .067     
Total  5.261  39       
Residue  Between 
Groups 
.032  3  .011  6.437  .001* 
Within 
Groups  .060  36  .002     
Total  .092  39          
 
Levene’s test for homogeneity of variance determined that variances were 
significantly different between regions for all variables (p < 0.05), so Dunnett’s T3 
post hoc test (assuming unequal variances) was used for pair wise comparisons of 
urchin gut fractional composition (mean weight) for each region. Results indicated a 
significant difference in mean organic content between Point Cloates and Coral Bay 
(p = .002) but no differences between other regions (Table 4.8).  CaCO3  content 
differed significantly (p < 0.05) between the southern and northern regions, whereas 
differences in mean content within southern (Red bluff and Coral Bay) and northern 
(Pt. Cloates and Lighthouse Bay) regions were not significant. Residue differed 
significantly between Pt. Cloates and Coral Bay/Red Bluff (Table 4.8 overleaf).  
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Table 4.8: Results of Dunnett’s T3 post hoc pair wise comparisons between regions 
with urchin fractional gut composition (organic, CaCO3 and residue) as 
dependent variables; n = 40, α = 0.05.   * denotes a significant result. 













Pt Cloates  .14700  .08231  .431 
Lighthouse 
bay 











Pt Cloates  .11590  .02556  .002 * 
Lighthouse 
bay 











Coral Bay  -.11590  .02556  .002 * 
Lighthouse 
bay 
-.08800  .03429  .111 
Lighthouse 
bay 
Red Bluff  -.05900  .08508  .977 
Coral Bay  -.02790  .03342  .948 













Pt Cloates  .48200  .11738  .012 * 
Lighthouse 
bay 











Pt Cloates  .59100  .11420  .002 * 
Lighthouse 
bay 











Coral Bay  -.59100  .11420  .002 * 
Lighthouse 
bay 
-.01900  .03819  .996 
Lighthouse 
bay 
Red Bluff  -.46300  .11778  .015 * 
Coral Bay  -.57200  .11462  .003 * 

















Pt Cloates  .05400  .01367  .017 * 
Lighthouse 
bay 
.01200  .02073  .991 
Coral Bay  Red Bluff  .02400  .02036  .799 
Pt Cloates  .07800  .01524  .003 * 
Lighthouse 
bay 
.03600  .02179  .490 
Pt Cloates  Red Bluff  -.05400  .01367  .017 * 
Coral Bay  -.07800  .01524  .003 * 
Lighthouse 
bay 
-.04200  .01573  .124 
Lighthouse 
bay 
Red Bluff  -.01200  .02073  .991 
Coral Bay  -.03600  .02179  .490 
Pt Cloates  .04200  .01573  .124 
 
4.5.3 Bioerosion rates  
Individual regional bioerosion rates were calculated as the mean amount of CaCO3 
ingested per urchin per day x mean density m 
-2  (data from Chapter 3) for each 
sampling site. Daily and annual regional bioerosion rates are expressed as mean g m
-2 
day
-1 and mean Kg m
-2 Year
-1 of CaCO3 (± 1SE ) consumed (Figure 4.10). 
 
 











Red Bluff Coral Bay Point Cloates Lighthouse Bay
Daily (g m-2 day-1 )
Annual (Kg m-2 Year-1)  
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Overall bioerosion rates for NMP were deemed to be the mean (± 1 SE) CaCO3 
consumption of all regional sampling sites (Table 4.9). Comparative studies that 
examined  E. mathaei  bioerosion rates at similar coral reef habitats in different 
locations have been summarised in Table 4.10 (overleaf). 
 
Table 4.9: Regional and overall urchin densities, CaCO3 consumption and subsequent 
mean bioerosion rates (g m
-2 day
-1 and Kg m
-2 Year
-1 of CaCO3, ± 1 SE). 
 
Region  CaCO3  (g)  Density m
-2  (g m
-2 day
-1 )  Kg m
-2 Year
-1 
Red Bluff  0.71  17.44  12.45  4.55 
Coral Bay  0.82  11.44  9.42  3.44 
Point Cloates  0.23  11.52  2.67  0.98 
Lighthouse Bay  0.25  10.88  2.73  1.00 
Mean (overall)   0.51  12.82  6.82  2.49 






Table 4.10:  E.  mathaei  size, density (abundance) and bioerosion rates at similar coral reef habitats in different locations. Adapted from      












type  Reference 
 
Enewetak Atoll, Marshall Is.  19–22  2 - 7  0.08 - 0.33  Limestone pavement  Russo (1980) 
 
Arabian Gulf  37  30  9.9 - 15.3  Reef flat  Downing and El-Zahr (1987) 
 
La Reunion and Moorea  12–50  3.8 - 73.6  0.4 - 8.3  Back reef to reef flat  Peyrot-Clausade et al. (2000) 
 
Gulf of Aqabar/Eilat  18–28  3.7 - 10.5  0.5 - 0.9  Reef flat and slope  Mokady et al.(1996) 
 
Kenya  26–49  0.03 - 5.6  0.004 - 0.86  Reef lagoon  Carreiro-Silva &McClanahan (2001) 
 
Ningaloo, Western Australia  Unknown  0 - 12.0  0.01 - 0.4**  Backreef and slope  Johansson et al. (2010) 
 
Ningaloo, Western Australia  24-66  10.8 - 17.4  0.98 - 4.55  Back reef to nearshore  This Study  
 
 
**Bioerosion estimates of E. mathaei for Johansson et al (2010) were taken directly from Carreiro-Silva and McClanahan (2001), which were 







In situ cage experiments 
 
We were not able to quantify changes in substrate composition over time in this pilot 
study, so urchin grazing rates (of turf algae) were not successfully measured in this 
instance. This experiment did however demonstrate that using exclusion cages to 
quantifying grazing rates in high energy coral reef environments, such as those 
preferred by E. mathaei, can be problematic. The second cage experiment was 
therefore designed on a much finer scale than the pilot study. Small settlement tiles 
were used effectively and to mitigate the effects of strong currents smaller cages were 
also used. Even so, a number of cages and tiles were still lost over the course of the 
experiment. Most of the tiles were lost from treatments inside burrows.  
 
E. mathaei are known to be territorial (McClanahan and Kurtis 1991) and they can 
exhibit aggressive protective behaviour when defending their burrows from intruders, 
namely other urchins (Shulman 1990, McClanahan and Kurtis 1991). It was noted by 
our divers that urchins were attempting to remove the treatments from their burrows 
in the initial stages of the experiment so the observed aggressive behaviour directed at 
the small cages may have been a territorial response. Urchins sampled from the study 
site had a mean test diameter (without spines) of 54 mm (Section 4.5.1). They would 
have been larger than the cages so would be capable of dislodging the cages or tiles 
from their burrows, in the same fashion as they have been known to repel smaller 
urchins (Neil 1988). 
 
Although results from the experiment did not indicate significant differences between 
treatments for mean changes in algal cover, there were notable differences between  
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open cage and control treatments outside and inside burrows. A net loss in algal cover 
was recorded for 42% of recovered tiles inside burrows and on the other hand, only 
19% of tiles from outside burrows recorded net losses. It is also worth noting that the 
mean net gain in algal cover for the closed cage treatments was almost identical for 
both inside burrows and outside burrows, suggesting a possible effect from excluding 
herbivores. However this was the lowest gain for outside burrows and the highest for 
inside burrows treatments, which could be interpreted as an effect from urchin grazers 
within burrows. These data may imply that grazing inside burrows may have been 
higher than outside burrows but analysis of variance did not produce any statistically 
significant effects between treatments or interactions between the independent 
variables. This may to some extent be due to the high variability of the data. Further 
analysis of variance did however produce a significant effect for differences in tile 
weights over time. This outcome can be attributed to the high net gains in turf algae 
for the treatments over time (mostly outside of burrows, Figure 4.5).  
 
Overall, treatments and controls indicated net gains in turf algae over the course of the 
experiment. Turf algae accretion on settlement tiles was however limited (mean net 
gain was less than 1.5 grams over 12 weeks). A small net gain in algae biomass over 
time may indicate that urchin grazing rates are minimal and turf algae settlement and 
growth rates are marginally higher than grazing rates of herbivores. Prior studies at 
the NMP  determined that  E. mathaei was a relatively insignificant grazer in 
comparison to herbivorous fish (Webster, 2007). Echinoids tend to remain in their 
burrows (Hoskin et al. 1986) and feed by capturing drifting particles and “gardening” 
within burrows (Campbell et al. 1973, Ogden and Lobel 1978). In the Virgin Islands it  
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was estimated that 55% of the diet of E. lucunter consisted of drifting algae caught by 
the spines (Ogden and Lobel 1978).  
 
In addition, recent studies in Sri Lanka reported that E. mathaei populations  in 
protected nearshore lagoons did not actively graze from their burrows but collected 
suspended “flock” with their spines and tube feet during the rising tide to supplement 
their diets  (Asgaard and Bromley 2008).  This feeding activity has largely been 
overlooked in echinoid research until recently. The study sites for the exclusion 
experiments were located on lagoonal and nearshore patch reefs that are influenced by 
diurnal tidal currents that flow through nearby Yalobia Passage and over the top of the 
fringing reef at high tide. It is highly plausible that urchins in the region would be 
collecting this “marine snow” during these periods. Urchin grazing at the NMP 
appears to be  minimal and E. mathaei  may  garner  a substantial portion  of their 
nutrition via suspended particles carried on the tides. This trophic behaviour has never 
been studied at Ningaloo and warrants further investigation.  
 
To conclude, the in situ cage experiments have provided some insight into the grazing 
activities of E. mathaei at the NMP although grazing rates proved difficult to quantify 
at such small spatial scales. Urchin grazing rates in coral reefs have been traditionally 
measured by gut content analyses rather than exclusion experiments (Bak 1990, Mills 
et al. 2000, Peyrot-Clausade et al. 2000, Carreiro-Silva and McClanahan 2001). To 
accurately quantify grazing and bioerosion rates across broad spatial scales, gut 
content analyses was used to determine this important ecosystem function at the 




Urchin morphometrics, grazing and bioerosion rates 
 
Urchin grazing and bioerosion rates are difficult to establish over large spatial scales 
as rates may differ between sites and over time (Peyrot-Clausade et al. 1995, Pari et 
al. 1998). This study was the first of its kind to successfully quantify the grazing and 
subsequent bioerosion rates of E. mathaei across four regions within the NMP, 




Significant differences in morphometrics were evident between southern and northern 
regions, with urchins in the southern regions having larger test diameters, heights and 
weights than their northern counterparts. Urchins from Coral Bay were the largest and 
samples from the Point Cloates backreef site were the smallest and lightest It is not 
clearly understood if this is a result of biotic factors such as food type and availability, 
or related to abiotic influences. Abiotic factors such as wave action have been known 
to influence urchin morphology. Previous studies noted that echinoids living in higher 
energy habitats in Barbados were smaller, flatter and narrower than urchins living in 
neighbouring sheltered habitats (Lewis 1984). The Point Cloates backreef is very 
shallow and subjected to heavy oceanic swells and strong currents (Woo 2006), so 
urchins in this region may be morphologically adapted to these high energy 
conditions. In comparison, urchins from the Coral Bay region were sampled at the 
lowest energy site (lagoonal patch reef) and were the largest.  
 
Although the diets of urchins from Coral Bay and Point Cloates were similar in 
composition, the weight of organic matter within guts differed significantly between 
the two sites. This was probably due to their differences in gut size, as gut fullness  
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was similar across the two regions. Gut content analyses did however indicate 
significant differences in dietary composition  between the urchins from the southern 
region, which predominantly grazed on turf algae and the other three regions, where 
red algae was more prevalent in diets. This outcome is a reflection of the benthic 
characteristics of the sampling sites where turf was the dominant feature at Red Bluff 
and macroalgae and turf featured at preferred urchin habitats in the other regions (see 
Chapter 2). In addition, gut content results may also be indicative of the opportunistic 
grazing habits of E. mathaei at  the  NMP.  Echinometra  species are known to be 
opportunistic feeders that may graze on benthic turfs or feed on drift macroalgae and 
other suspended organic matter when it is available  (Hiratsuka and Uehara 2007, 
Asgaard and Bromley 2008). 
 
Grazing of organic matter (algae) 
 
Individual daily grazing rates accounted for 25-47% of total gut contents across all 
regions. Grazing rates ranged from 0.3 g day
-1 at Red Bluff to 0.16 g day
-1 at Point 
Cloates. The Red Bluff data was highly variable, so mean grazing rates for this region 
were not significantly different to other regional rates. The Coral Bay region however 
had significantly higher grazing rates than Point Cloates. This would be expected with 
larger urchins at coral Bay ingesting more organic matter than the smaller individuals 
at Point Cloates. In the northern region of the NMP grazing rates were equal to the 
individual daily bioerosion rates for the same region. This suggests that urchins at 
Lighthouse Bay were consuming equal amounts organic matter (algae) and CaCO3 
(limestone pavement). The substrate in this region consisted of around 40% limestone 
pavement and close to 38% mixed turf/macroalgae (Chapter 2) which supports the 
notion that urchins in this region are predominantly grazing on available benthic food  
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items and consuming equal amounts of CaCO3 as part of the grazing process.  
 
The Point Cloates region had marginally lower daily individual grazing rates than 
bioerosion, whereas the two southern regions had much lower grazing rates when 
compared to their bioerosion rates. Red Bluff bioerosion rates were more than double 
the grazing and the Coral Bay region results indicated almost three times the rate for 
bioerosion when compared to daily individual grazing. The higher consumption of 
CaCO3 (limestone pavement) is more than likely due to the benthic characteristics of 
the sampling sites, where limestone substrates dominate and lower ingestion of 
organic matter occurs because of lower algal diversity and abundance. Both the 
southern sites had high levels of limestone substrate (Chapter 2) so urchins in these 
regions are ingesting more CaCO3 while grazing on sparser (than other regions) algae.  
 
In addition, E. mathaei are more than likely supplementing their diet by collecting 
suspended organic matter from the water  column  (Campbell et al. 1973). 
Supplementary feeding behaviour has not been a component of this study but further 
research into this relatively unknown trophic function is desirable to develop a more 
comprehensive understanding of E. mathaei ecology at the NMP. 
 
Results from this study demonstrate that although E. mathaei grazing  plays an 
important ecological role, concomitant bioerosion may play a more central role in 
influencing the structure of coral reef communities than grazing at the NMP. Prior 
studies found that urchin grazing of substrata and subsequent bioerosion can have a 
significant mediating influence upon the ecological structure of many habitats, which 
in turn may influence competition for space between  benthic organisms such as  
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Prior research in this field is limited but studies that have quantified urchin bioerosion 
rates determined E. mathaei to be an important bioeroder (Russo 1980, Downing and 
El-Zahr 1987, Mokady et al. 1996, Peyrot-Clausade et al. 2000, Carreiro-Silva and 
McClanahan 2001)  and can thus be an important limiting factor for reef growth 
(Mokady et al. 1996). Urchin bioerosion rates quantified in this current study are 
higher than some past studies (Russo 1980, Mokady et al. 1996, Carreiro-Silva and 
McClanahan 2001)  but lower than  others  (Downing and El-Zahr 1987, Peyrot-
Clausade et al. 2000). Urchin test sizes and densities were variable between the above 
studies and these factors, in turn determined annual rates of CaCO3 recycling for each 
study. Each coral reef ecosystem has its own unique set of anthropogenic, biotic and 
environmental parameters to consider so it is therefore difficult to determine if 
bioerosion at the NMP is any more or less significant than in other parts of the world.  
 
Individual daily urchin bioerosion rates differed between regions, particularly when 
comparing southern regions to northern regions. Fractional gut composition analysis 
indicated significant differences between southern and northern regions, with urchins 
in the southern regions having a much higher CaCO3 content. Urchins from Coral Bay 
had the highest CaCO3 content and samples from the two northern sites equally had 
the least amount of CaCO3  content.  This would be expected with larger urchins 
ingesting more CaCO3  than smaller individuals in the northern regions. Urchin 
abundance however, also affects bioerosion rates (Downing and El-Zahr 1987,  
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Peyrot-Clausade et al. 2000), so regional urchin densities play an important role in 
determining overall bioerosion effects at the NMP. 
 
In areas of high urchin abundance, coral reefs can be weakened or damaged if coral 
accretion rates are surpassed by bioerosion rates (Muthiga and McClanahan 1987, 
McClanahan and Muthiga 1988, Appana and Vuki 2003). The highest densities of E. 
mathaei occurred at Red Bluff (~ 17 individuals m 
-2), so bioerosion in this region 
(around 4.5 kg m
-2 Year
-1 of CaCO3) was effectively higher than in other regions, 
including Coral Bay (around 3.4 Kg m
-2 Year
-1 of CaCO3), which had the largest 
urchins but lower densities than Red Bluff. Even so, the southern regions had far 
higher bioerosion rates than the two northern regions. Annual bioerosion rates at Red 
Bluff were more than 4x higher than the northern regions and the Coral Bay region 
had an annual bioerosion rate of over three times more than the northern regions (both 
northern regions recorded rates of around one kg m
-2  Year
-1  of  CaCO3). Overall 
however, the mean annual bioerosion rate across all regions sampled at the NMP was 
around 2.5 kg m
-2 Year
-1 of CaCO3.  
 
If one considers the spatial scales that were sampled for this study (random quadrat 
sampling for the four regional sites covered 50 m
2) and the area that preferred urchin 
habitats occupy within the Ningaloo reef lagoon system, annual recycling of CaCO3 
through urchin bioerosion may be substantial. However, without accurate estimates of 
CaCO3 accretion rates, it is difficult to determine the degree to which bioerosion is 
affecting reef growth at the NMP. In addition, urchin abundances and distribution 
were highly variable throughout the NMP and E. mathaei appear to prefer certain 
habitats that have variable distribution within the lagoonal reef system (Chapter 3). It  
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can therefore be assumed that urchin densities at preferred habitats (such as those 
sampled for this study) would also be highly variable throughout the NMP.  
 
Bioerosion rates obtained from this study differed substantially from rates recently 
published by Johansson et al. (2010). The reported bioerosion estimates ranged from 
0.01 - 0.4 kg of CaCO3 m
-2 Year
-1,
 which is an order of magnitude lower than results 
of  this study (Table 4.10). The methods used by Johansson et al. to determine 
bioerosion rates from surveyed urchin density data are not robust and it is assumed 
that bioerosion estimates were taken directly from Carreiro-Silva and McClanahan 
(2001) and applied to their density data to determine annual bioerosion rates. 
However, this approach is problematic for two reasons. Firstly, by using a bioerosion 
estimate of 0.42 g of CaCO3  day
-1  per individual urchin (from Carreiro-Silva and 
McClanahan 2001) they have not quantified actual gut composition of urchins at 
Ningaloo to accurately determine CaCO3  content. This study recorded actual gut 
content from field samples of 0.25 -  0.82  day
-1  of  CaCO3  per individual urchin. 
Secondly, Johansson et al. recorded extremely low numbers of urchins in back reef 
and lagoonal areas, which in turn produced very low bioerosion estimates for these 
areas. The location and limited number of sampling sites are likely to have influenced 
these estimates. In this study urchin densities of around 11.5 individuals m
-2 were 
reported for some back reef areas at Point Cloates and lagoonal areas at Coral Bay and 
so higher bioerosion rates were generated. By quantifying gut contents of urchins and 
sampling more widely, it is likely that the bioerosion rates calculated in the present 
study are more accurate than those of Johanssen et al. (2010). It is important to 
recognise that a broad scale approach is required to achieve a realistic assessment of 
bioerosion rates at the NMP.  
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Results indicate that some preferred habitats in this study have high densities of E. 
mathaei.  However this is not an indication of a degraded reef system but rather 
suggests that areas with high E. mathaei densities are patchy niche habitats that co-
exist with other coral reef habitats as part of a healthy ecosystem. Echinoids tend to 
remain in their burrows (Hoskin et al. 1986), so urchin bioerosion at high density sites 
may have a localised, fine-scale effect on substrates within these habitats. This is 
discussed further in the next chapter. Recent research at the NMP supports the view 
that urchins at Ningaloo do not appear to be part of a degraded system (Johansson et 
al. 2010).  
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5: Field experiments: Urchin behaviour. 
5.1: Introduction 
 
Sedentary urchins obtain food by trapping drift algae and other materials with their 
spines, where other mobile species actively forage for food (Hart and Chia 1990). 
Foraging patterns (i.e. home range) are spatially variable between urchin species and 
habitats. For example, studies conducted in the Mediterranean recorded daily 
movements of the temperate urchin Paracentrotus lividus to be between 50 and 302 
cm in marine reserves, with a mean home range of 51 cm (Hereu 2005). In a recent 
series of field studies in barrens off the east coast of Canada, researchers recorded 
daily foraging distances of the urchin Strongylocentrotus droebachiensis ranging on 
average from 44 to 190 cm with a maximum distance recorded of 678 cm (Dumont et 
al. 2004, Lauzon-Guay et al. 2006, Dumont et al. 2007). In contrast, the highly mobile 
sub-tropical urchin Toxopneustes roseus has been recorded to move up to 20 metres in 
one day in the Gulf of California (James 2000). 
 
Urchins are known to exhibit patterns of behaviour in relation to strong light 
avoidance (Khamala 1971) and foraging activities (Carpenter 1984, Tuya et al. 2004b, 
Hereu 2005, Miyamoto and Kohshima 2006). In many instances such behaviour has 
also been linked to predation avoidance (Nelson and Vance 1979, James 2000, Vadas 
and Elner 2003, Tuya et al. 2004b, Young and Bellwood 2011). For example, Nelson 
and Vance (1979) examined the diurnal feeding patterns of the foraging urchin 
Centrostephanus coronatus  and the invertivorous fish Pimelometopon pulchrum 
(Sheephead) on platforms near Catalina Marine Science Centre, California. They 
observed that during the day, urchins occupied holes and crevices on subtidal  
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substrates but after sunset they would emerge to forage during the night. Nelson and 
Vance (1979) concluded that the urchins’ daytime refuge-dwelling and nocturnal 
foraging habits evolved as a response to Sheephead predation. The timing of the 
urchins’ foraging coincided with the predation pattern of the Sheephead. Urchins 
began emerging from their cryptic shelters less than half an hour after the diurnal 
sheephead retired, returning to their refuges one or two hours before the predators 
resumed feeding the following morning (Nelson and Vance 1979). In a more recent 
study of diurnal patterns in Echinometra mathaei activity on the Great Barrier Reef, 
surveys revealed that urchins were active and exposed at night but remained in 
burrows during the day. This observation was interpreted as a risk-related adaptive 
response to diurnal predation pressure (Young and Bellwood 2011).  
 
Urchins are also known to respond to food availability by forming (sometimes large) 
aggregations where food is plentiful. For example recent field experiments in kelp 
beds on the Atlantic coast of Nova Scotia examined the behaviour of the grazing 
urchin Strongylocentrotus droebachiensis. The authors’ findings presented the first 
direct evidence that urchins can aggregate in patches of greatest food availability by 
redistributing themselves along a grazing front (Lauzon-Guay and Scheibling 2007a, 
b). Similarly, E. mathaei have been observed aggregating in crevices on the edges of 
rock pools on outer reefs in Kenya, where plentiful food and protection (from light 
and predators) is provided (Khamala 1971).  
 
The introduction of predators can however modify urchin feeding behaviour in other 
ways. For example, in field and tank experiments in Bermuda, Vadas and Elner 
(2003) noted that the presence of a predator reduced the aggregation response to food  
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in two urchin species. Aggregating urchins were observed to disperse rather than 
aggregate when presented with a predatory cue, suggesting that defensive responses 
such as risk aversion or escape behaviour may take precedence over responses to food 
(Vadas and Elner 2003). 
 
Although sea urchins are known to be opportunistic feeders (Baker 1982, Langdon 
2007, Langdon et al. 2011),they  may over time develop a preference for certain food 
types (Stimson et al. 2007). For example, after five months of tank experiments in a 
recent Hawaiian study, the short-spined sea urchin Tripneustes gratilla  showed 
distinct food preferences when offered a selection of macroalgae. Urchins previously 
exposed to the brown algae, Padina sanctae-crucis seemed to prefer this species over 
the other four species on offer and those previously exposed to the invasive red algae, 
Gracilaria salicornia appeared to prefer the other four species when offered a choice 
of the five species (Stimson et al. 2007). Stimson and colleagues (2007) contended 
that preferential responses to food by urchins may serve  as a form of biological 
control of invasive algal species such as G. salicornia. 
 
Burrowing urchins such as Echinometra spp. can also exhibit aggressive protective 
behaviour when defending their burrows from intruders, namely other urchins 
(Shulman 1990, McClanahan and Kurtis 1991). Urchins have been observed pushing 
and on occasion, biting other urchins in defence of their refuge (Shulman 1990, 
Morishita et al. 2009). They have also been observed removing foreign objects from 
their burrows (Chapter 4). Territorial disputes over burrows between individual 
urchins of the same species or between sub-species have been observed in field 
studies in Kenya (McClanahan and Kurtis 1991), Okinawa, Japan (Tsuchiya and  
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Nishihira 1985)  and Guam (Mariana Islands, Indo-West Pacific (Neil 1988)) and 
more recently, in laboratory experiments in Brazil (Morishita et al. 2009). 
 
Morishita and colleagues’ (2009) tank experiments using E. lucunter noted that the 
two key factors determining burrow defence behaviour were prior residence and 
urchin size, with prior residence being the most significant factor. The authors found 
that urchins displayed exploratory behaviour (extension of tube feet and spine 
movement to gauge opponent’s size) but generally avoided confrontation, especially 
when the resident urchin was larger. This type of behavioural response probably 
minimises the chances of injury from fighting (Morishita et al. 2009). 
 
In addition, Neil (1988) observed that E. mathaei actively defended burrows on outer 
reef-flats from experimentally introduced urchins taken from inner reef-flats in Guam. 
However, outer reef urchins were unable to successfully defend burrows against 
larger intruders. When outer-reef urchins were placed into inner-reef burrows their 
defensive behaviour continued but conversely, individuals transplanted from inner 
reef-flats to the outer reef-flat burrows did not defend burrows. The findings from this 
study suggested that size is an important determinant in urchin behaviour and 
additionally that two separate Echinometra  sub-species, with differing behaviour, 
may have been present on the same reef (Neil 1988). 
 
In contrast, recent studies in the Mediterranean and north-east Atlantic coasts 
determined that two different urchin species coexisted within the same habitat. They 
played complementary roles when grazing, with one urchin species (Arbacia lixula) 
feeding on encrusting corallines while the other (Paracentrotus lividus) grazed upon  
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non-encrusting macrophytes. The two species exhibited different responses or 
preferences to food types which in turn mediated algal growth on the reef (Privitera et 
al. 2008). 
 
As mentioned in previous sections, other reef organisms have also been found to have 
interactions with urchins, thus affecting their behaviour (e.g. damselfish (Sammarco 
and Williams 1982,  Mapstone et al. 2007)). The above examples provide further 
evidence that sea urchin movement (home range) and behaviour may be important 
factors in structuring reef communities in a variety of habitats. To date however, these 
factors have never been observed or recorded in any field studies at Ningaloo Reef.  
 
This study used a combination of underwater video and time-lapse photography to 
investigate the grazing movements and animistic behaviour of E. mathaei in lagoonal 
coral reef habitats within Ningaloo Marine Park. The primary focus of this study was 
to quantify the grazing movements and behaviour of E. mathaei by firstly testing for 
diurnal patterns in grazing behaviour by comparing  E. mathaei movements at night, 
sunrise, sunset, and during daylight. The second aim of this study was to test whether 
urchins would co-exist with an urchin that was introduced to its burrow or actively 
defend their territory. 
5.2 Materials and Methods 
5.2.1 Study site description 
 
The same large lagoonal patch reef south of Coral Bay used in the cage experiments 
(see Chapter 4) was selected for the observational studies on the basis of substrate 
type and abundance of E. mathaei burrows. Feasibility for divers to safely deploy and 
retrieve camera and lighting equipment on a daily basis was also a major site  
153 
 
consideration as video observations were required to be conducted for 24 h periods, 
regardless of wind and wave conditions. Substrate at the site consisted of macroalgae, 
intact dead coral, with turf and coralline algae cover and a diverse variety of hard 
corals. Average depth at high tide was 4 m. Video observations (diurnal movement) 
were conducted in June and September 2011 and time-lapse observations (animistic 
behaviour) were conducted in January 2012. 
 
5.2.2 Materials 
a) Underwater video system 
 
The equipment used for the underwater video system was adapted from an innovative 
design used in a study that successfully recorded in situ video observations of the 
behavioural interactions of the western rock lobster, Panulirus cygnus  with 
commercial traps in the Abrolhos Islands and Jurien Bay, Western Australia (Toon 
2011). The following components were used in the modified system: 
•  One Seaviewer 550 underwater camera with a 3.6 mm wide angle lens (93º 
field of view) and 21 inbuilt infra-red light emitting diode (LED) lights.  
•  Two additional Seaviewer infra-red lights (42 LEDs each).  
•  Kevlar reinforced coaxial cable (3 x 8 m) with Impulse underwater connectors.  
•  A stainless steel photo-quadrat frame to support the camera, lights and cabling 
was secured to the substrate using galvanised concrete nails and cable ties. 
•  Two portable Hitachi digital video recorders, each with 80 GB hard drive. 
•  Two 42 amp Commander sealed gel cell batteries. 
•  One digital video recorder and one battery were placed inside the housing and 
connected to internal wiring. The battery provided continuous power for the 
camera, infra-red lights and digital video recorder.   
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•  To reduce the weight of the original housing (for ease of deployment), a new 
underwater housing was machined using 305 mm PVC stormwater pipe, 800 
mm long, with a 6 mm wall thickness. The original bell ends were then fitted 
to the pipe. They were 40 mm thick acetate discs, sealed with O-rings and 
secured with four stainless steel screws. Impulse underwater connectors for the 
lights and camera cables were attached to one bell end. A protective cage 
constructed of 25 mm square stainless steel tubing enclosed the housing.  
b) Time-lapse photography  
 
A Nikon P7000 camera, set to take one photograph every 10 seconds, for 30 
minutes was attached to the stainless steel photo-quadrat frame and secured to the 
substrate using 40 mm galvanised concrete nails and cable ties. 
 
5.2.3 Sampling design and methods 
For all sampling, camera frames were placed where the substrate was predominantly 
flat consolidated limestone or dead coral, with E. mathaei occupying longitudinal 
burrows on the surface of the pavements. 
a) Underwater video system 
 
Prior to deploying the equipment, a trial run was conducted on land to ensure that the 
system was working and night footage recorded was viable. A safety line was also 
connected to the cables to avoid stretching them in the field. A secure mooring was 
then set up at the study site to enable the housing to be attached and then left 
unattended overnight. Each day of the study then followed the same procedure. The 
housing was set up with a battery and recorder on board and then deployed by hand 
from the stern of the boat. A diver then secured the housing to the mooring with  
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anchor rope so that it remained in position on the surface. The stainless steel photo-
quadrat frame with camera, lights and cabling attached was then deployed and divers 
fixed it to the substrate in a position where  E. mathaei  were observed occupying 
their burrows and within 6 m of the mooring (Figure 5.1). The safety line was then 
brought back to the housing, securely fastened and cables connected to the bell end. 
 
The next day the equipment was unplugged and the housing was retrieved, the battery 
and recorder replaced and the deployment procedure repeated. The photo-quadrat 
frame was relocated to ensure a different set of burrows was filmed each day. 
Retrieved batteries were re-charged overnight and video footage was down-loaded 
from the recorder onto a portable hard drive. The recharged battery and now empty 
recorder was then used the following day. The above procedure was repeated for nine 
days in June and five days in September 2011. 
 
 
Figure 5.1: Diver positioning the stainless steel photo-quadrat frame with video 
camera, lights and cabling attached.  
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b) Time-lapse photography  
 
The stainless steel photo-quadrat frame with time-lapse camera attached was deployed 
and a diver fixed it to the substrate in a position over an occupied urchin burrow. The 
urchin was measured with vernier callipers and a second urchin was then measured 
and removed from a nearby burrow to be introduced to one end of the burrow being 
filmed. Previous behavioural studies have noted that > 90% of interactions between E. 
mathaei were completed  within the first 10 minutes (McClanahan and Kurtis 1991) 
so the equipment was then left in situ  for 30 minutes and then retrieved. The 
introduced urchin was then returned to its original position at the site. Footage was 
down-loaded from the camera onto a portable hard drive on board and the procedure 
was repeated at another burrow. 
5.2.4 Data analysis 
 
a) Underwater video analysis 
 
To determine diurnal patterns of urchin behaviour, the video footage for each 24 h 
period was observed continuously, with the frequency of movement and distance 
moved from burrows noted for each individual urchin. If an urchin moved in any 
direction and then stopped, this was deemed to be one movement.  Any animistic 
behaviour towards other organisms entering urchin burrows was also noted. Levene’s 
test for homogeneity of variance and ANOVA for independent samples using SPSS 
17.0 © was used to test for diurnal effects on frequency of movement. 
b) Time-lapse photography analysis 
 
Experimental urchin interactions were conducted for 21 individual occupied burrows, 
with interaction type and outcome of encounters recorded as per methods used by 
McClanahan and Kurtis (1991). If urchins made contact with their tube feet or spines  
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but did not push against each other, this was considered as contact without a fight. If 
urchins pushed against each other this was recorded as a fight. The retreating urchin 
was then noted (intruder or host). If two individuals remained pressed together after 
an hour, this was deemed coexistence after a fight. No contact was also recorded.  
5.3 Results 
5.3.1 Underwater video - diurnal movement 
 
Video footage of acceptable clarity was obtained for a total of 160 hours (182 files, 
averaging around 50 mins each plus eight files averaging 1 hr. 45 mins each) and 
covering a period of eight individual days (four in June and four in September 2011). 
The June 2011 footage was recorded 2- 5 days after the full moon and the September 
2011 footage was recorded during the new moon phase (no moonlight). An equal 
amount of footage was analysed between relevant time periods to eliminate bias in the 
sampling. A total of 27 individual urchins were observed and footage was separated 
into day, night, sunrise and sunset for frequency of movement analyses (Table 5.1).  
 
Table 5.1: Daily breakdowns of video footage indicating number of files, length of 
footage and number of urchins observed for each time period (day, night, 
sunrise and sunset) on each day. 
 
   Observed        Video time periods       
Day #  urchins  Day  Sunset  Night  Sunrise  Time (h:m)  
1  4  11  1  11  1  20:11 
2  4  11  1  11  1  21:11 
3  3  13  1  13  1  23:32 
4  3  10  1  10  1  18:30 
5  4  13  1  13  1  23:32 
6  3  13  1  13  1  23:32 
7  3  13  1  13  1  23:32 
8  3  3  1  3  1  14:00 




On completion of video analysis it was noted that at no time was an individual urchin 
observed to exit the burrow that it inhabited, regardless of light conditions (i.e. Day v 
Night v Sunrise v Sunset). Therefore distance travelled from burrows was not relevant 
to this study as all movements occurred within burrows.  
 
When comparing the day and night time data, urchins were considerably more active 
in their burrows during the night, with the exception of days one, five and seven 
(Figure 5.2) where they were somewhat more active during daylight periods. The 
highest total frequency of urchin movements recorded for one time period was 210 
(day 2, night time), whereas the lowest frequency of movements recorded for one time 
period was 21 (day 4, day time). On one sampling day urchins were equally active 
during both day and night (day 6, 33 movements each, Figure 5.2). 
 
 
Figure 5.2: Total daily urchin movements for day v night sampling periods.  
 
The total number of urchin movements observed  (frequency)  were significantly 
different between day and night footage (ANOVA F = 4.853, p = 0.032, Table 5.2) 







































p > 0.05, full moon v new moon). A total of 258 observations were recorded in the 
day and 485 at night (Figure 5.3). Total urchin movements during sunrises and sunsets 
were observed to be similar for each time period (Figure 5.3). 
 
Figure  5.3:  Total urchin movements for day, night, sunrise and sunset sampling 
periods, observed over eight days. 
 
 
Mean hourly frequency of movement (± 1 SE) was also calculated for each time 
period of each day (Figure 5.4). Urchins were observed to be most active around 
sunrise (approximately 5 movements hr
-1), followed by sunset and night time (both ~ 
4.7 hr
-1) but were 50% less active during daylight periods (~ 2.5 hr















































Figure 5.4: Mean hourly frequency of movement (± 1 SE) for each time period, 
observed over eight days.  
 
Statistical comparisons (Table 5.2) indicated significant differences in mean hourly 
movement between day and night (ANOVA F = 11.082, p = 0.001) and between day 
and sunrise time periods (ANOVA F = 7.042, p = 0.009) but not between day and 
sunset (p > 0.05) because of the high variability of the sunset data.   
Table 5.2: Results of one way ANOVAs comparing total individual urchin movement 
between Day and Night and hourly individual movement rates between  
Day, Night and Sunrise time periods ( D = Day, N = Night, SR = Sunrise)  
α = 0.05.   * denotes a significant result. 
 
 Variable  Test  SS  df  Mean Sq  F  Sig (p). 
Total D v N  Between 
Groups  954.241  1  954.241  4.853  .032* 
n = 27  Within 
Groups  10225.630  52  196.647     
  Total  11179.870  53       
Hourly D v N  Between 
Groups  209.374  1  209.374  11.082  .001* 
n = 87  Within 
Groups  3249.489  172  18.892     
  Total  3458.863  173       
Hourly D v SR  Between 
Groups  47.695  1  47.695  7.042  .009* 
n = 95 
Within 
Groups  629.864  93  6.773     












































5.3.2 Time-lapse photography – animistic behaviour  
 
The frequency of interaction types (Table 5.3) indicated  that more urchins made 
physical contact with another urchin when introduced to an occupied burrow (61.9 %) 
than not (38.1 %). On occasions when introduced E. mathaei made contact with host 
urchins, over 60 % engaged in fighting activity and around 40 % did not fight. On 
three occasions the intruding urchin was expelled by a larger host urchin but in all 
other instances, urchins coexisted together in the same burrow whether  they had 
contact, fought or remained apart (Table 5.3).  
Table 5.3: Results of animistic behaviour experiment in E. mathaei burrows at Coral 
Bay. Number of observations and (percentages) are presented for each 
interaction type and outcome, (n = 21).  
   Fight        Contact no fight  No contact 
 
n = 8 (38.1)    
 
n = 5 (23.8)  n = 8 (38.1) 
   
  
   
  
  Host left  Intruder left*  Coexist  Host left  Intruder left  Coexist  Coexist 
n = 0 (0)  n = 3 (14.3)  n = 5 (23.8)  n = 0 (0)  n = 0 (0)  n = 5 (23.8)  n = 8 (38.1) 
   
  
   
  
  * Host urchin larger than intruder             
 





This study is the first to quantify the behaviour and diurnal patterns of movement of 
Echinometra mathaei in lagoonal coral reef habitats within Ningaloo Marine Park 
(NMP). Previous research literature on the behaviour of E. mathaei has been limited. 
Studies of animistic interactions have been undertaken in Japan (Tsuchiya and 
Nishihira 1985), in Guam (Neil 1988) and in Kenya (McClanahan and Kurtis 1991). 
Aggregating behaviour and responses to predation of E. mathaei have also been 
observed in Kenya (Khamala 1971,  McClanahan and Muthiga 1988)  and recent 
studies have examined diurnal patterns of E. mathaei activity on the Great Barrier 
Reef  (Young and Bellwood 2011). Other observational studies have also been 
conducted on the behaviour of related species, E. lucunter and E. oblonga in tropical 
reef systems in the northern hemisphere (Grunbaum et al. 1978, Hoskin et al. 1986, 
Ogden et al. 1989, Shulman 1990).  
 
Diurnal movement 
Mature urchins were observed (in video footage) inhabiting longitudinal burrows, 
with larger individuals generally occupying longer burrows and smaller individuals 
living in cup-shaped borings. This observation is consistent with previous studies in 
the Caribbean that noted similar E. lucunter burrowing patterns on intertidal reefs 
(Bromley 1978). Previous studies in Sri Lanka reported that E. mathaei occupy 
hemispherical cup-shaped burrows but not longitudinal burrows (Asgaard and 
Bromley 2008), whereas studies at Rottnest Island in Western Australia noted E. 
mathaei occupied discrete individual burrows or aggregated in shallow depressions in 
reef platforms (Prince 1995). Other past studies agreed that E. mathaei live in crevices 
but do not mention long burrows (Khamala 1971, Russo 1980). Ogden et al. (1989)  
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mentioned both cup-shaped and longitudinal burrows in their study of E. mathaei and 
E. oblonga in Hawaii but did not indicate which species occupied them. The current 
study is the first to conclusively document that individual E. mathaei occupy 
longitudinal burrows as well as cup-shaped borings. 
 
To determine patterns of urchin behaviour, the video footage for eight 24 h periods 
was analysed, with the frequency of movement and distance moved from burrows 
noted for each of the 27 individuals observed. It is important to note that all urchins 
observed remained in their individual burrows at all times, day and night. Similar 
findings were reported by Hoskin et al. (1986) who studied E. lucunter populations 
day and night in the Bahamas using SCUBA and found that they never left their 
burrows. In contrast, night surveys on the Great Barrier Reef showed that E. mathaei 
were active at night and travelled up to 10 cm from their daytime shelters (Young and 
Bellwood 2011). However Young and Bellwood (2011) described urchin refuges 
under corals or in crevices rather than burrows so substrates surveyed in their study 
were probably more rugose than the limestone pavement study sites in the current 
study and thus provided natural shelter for urchins.  
 
In the absence of complex refugia E. mathaei may be creating burrows as a response 
to predation. McClanahan and Muthiga (1988) found that E. mathaei utilised different 
habitats depending on predation pressure. Some urchins avoided predators (and other 
urchin competitors) by occupying different size burrows or crevices but on other parts 
of the reef that had little or no predation threats, urchins were living outside burrows 
(McClanahan and Muthiga 1988). E. mathaei at NMP are burrowing into limestone 
substrates while grazing on turf algae (Chapter 4) but may also be burrowing (for  
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shelter) as a predation response in open habitats such as those observed in the current 
study. Whether the burrows are in fact created as shelters from predation or simply a 
result of grazing activity with the side benefit of providing shelter is a question that 
may warrant further research. 
 
Video footage was separated into day, night, sunrise and sunset for frequency of 
movement analyses. The total numbers of urchin movements observed (frequency) 
were significantly different between day and night footage. Urchins were almost twice 
as active in the night. Data suggests that E. mathaei are predominantly night grazers, 
which is consistent with prior studies (Bak 1990, Mills et al. 2000, Peyrot-Clausade et 
al. 2000). 
 
Mean hourly frequency of movement was also considered for each time period of 
each day. Comparisons showed urchins were most active around sunrise and sunset; at 
dusk they would become active and begin to graze by “gardening” turf algae within 
their burrows. Data analysis supported the video observations with significant 
differences in mean hourly movement between day and night and between day and 
sunrise time periods. Video footage showed urchins travelling back and forth within 
longitudinal burrows, apparently systematically grazing the burrow floor, sometimes 
for long periods during the night and then retreating into the more sheltered sections 
of their burrows at sunrise. Similar gardening behaviour by E. lucunter  has been 
observed in the Caribbean (Bromley 1978, Asgaard and Bromley 2008) but the 
current study is the first to document E. mathaei’s “gardening” behaviour.  
 
The least active period was during daylight when E. mathaei mostly remained in  
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sheltered sections of burrows.  Urchin predators are more  active during daylight 
(Young and Bellwood 2011)  so this may be a response to increased predation 
pressure, as urchins are known to avoid predation by sheltering in cryptic habitats 
during the day (Vadas and Elner 2003,  Pederson and Johnson 2006,  Young and 
Bellwood 2011). In addition urchins are known to be negatively phototaxic, so the 
return to shelter may have been in part a reaction to the increase in light intensity at 
sunrise (McClanahan 1988). No significant differences were apparent between moon 
phases however. Although data showed no lunar effect on behaviour, video sampling 
was not conducted during the full moon but 2-5 days after, so the effects of moonlight 
intensity may warrant further investigation in future studies at NMP. 
 
Animistic behaviour 
The animistic behaviour of E. mathaei in lagoonal patch reef habitats within NMP 
was also studied; interactions were observed on 21 occasions, when urchins were 
removed from their burrow and placed at the entrance of another occupied E. mathaei 
burrow. Results indicated that more urchins made physical contact with another 
urchin when introduced to an occupied burrow than not making contact. On occasions 
when introduced E. mathaei made contact with host urchins, over 60 % engaged in 
fighting activity and around 40 % did not fight. Defence of burrows may be a survival 
response, as previous studies have noted that E. mathaei actively defend their 
burrows, which may in turn reduce predation. For example McClanahan and Kurtis 
(1991) observed that over 80 % of E. mathaei engaged in fighting activity in one 
Kenyan reef lagoon with a high population density of balistid urchin predators 
(McClanahan and Shafir 1990) but only around 20 % fought in another lagoon with 
much lower population density of balistid urchin predators. They concluded that the  
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differences in agonistic behaviour between their study sites appeared to be linked to 
predation pressure, habitat changes and urchin densities and that territorial defence of 
burrows reduces predation (McClanahan and Kurtis 1991).  
 
On three occasions in the current study the intruding urchin was expelled by a larger 
host urchin but in all other instances, urchins coexisted together in the same 
longitudinal burrow whether they had contact, fought or remained apart. Coexisting 
urchins were observed to be of similar size on all occasions. In previous studies E. 
lucunter has also been observed to exhibit aggressive behaviour when defending its 
burrow against conspecifics (Grunbaum et al. 1978) and other genera such as E. 
viridis  (Shulman 1990). In both studies, the larger urchin always won the fight. 
Additional experiments conducted on the animistic behaviour of E. lucunter in Japan 
and Guam supported the view that larger conspecifics would successfully defend 
territory against smaller intruders (Neil 1988, Morishita et al. 2009). Data from the 
present study also supports the argument that “size matters” in territorial disputes 
between urchins at NMP.  
 
E. mathaei are also known to coexist in more open habitats such as rock pools on 
intertidal platforms (Prince 1995) and open back reef areas (Tsuchiya and Nishihira 
1985).  McClanahan and Kurtis (1991) also observed coexistence in crevices and 
burrows but longitudinal E. mathaei burrows are not mentioned in any of the above 
studies. The current study may therefore be the first to document that E. mathaei live 
in longitudinal burrows, can expel smaller intruders or coexist in the same burrow 
with conspecifics of similar size. Defence of (and sharing of) longitudinal burrows 
may also be associated with other predation avoidance behaviour (Vadas and Elner 
2003, Pederson and Johnson 2006, Young and Bellwood 2011).    
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6: General discussion 
The relative importance of the role of sea urchins in influencing the composition and 
structure of coral reef habitats has rarely been explored (Mapstone et al. 2007); to date 
no major studies have examined the ecology of urchins in the lagoonal coral reef 
habitats of Ningaloo Marine Park (NMP) in detail. The key objective of this study was 
to investigate the ecology of Echinometra mathaei at the NMP. In order to understand 
the important ecological relationships that exist between urchins and lagoonal coral 
reef environments, a systematic approach to the study was developed by  firstly 
characterising lagoonal coral reef habitats of the NMP (Chapter 2) and then, using a 
combination of field surveys, laboratory analyses and observational studies relating to 
the grazing behaviour of E. mathaei, addressing the following ecological questions: 
 
1.  What are the dominant factors likely to affect E. mathaei  distribution and 
abundance within lagoonal areas of Ningaloo Marine Park? (Chapter 3). 
2.  How does urchin grazing and subsequent bioerosion of substrates influence 
the coral reef structure in Ningaloo Marine Park? (Chapter 4). 
3.  Does urchin burrowing behaviour influence E. mathaei grazing and their 
habitats? (Chapter 5). 
 
Because of the vast  area and isolation of the NMP, the logistics and expense of 
sampling for this project had to be carefully considered. Field surveys were designed 
to simultaneously validate broad-scale habitat maps, quantify coral reef habitats at 





Chapter 2 presents important new baseline information for ongoing management and 
monitoring programmes within NMP and also provides a framework for answering 
some important ecological questions relating to E.  mathaei; particularly the 
relationships between habitat type and abundance of E. mathaei within lagoonal areas 
of the marine park. The survey results confirmed differences in habitat structure on a 
number of spatial scales ranging from regional (100s km) to lagoonal (100s metres). 
This new information will be beneficial to NMP managers as an adjunct to broad-
scale maps of the park. However, to produce maps that represent the fine-scale 
complexity of coral reef habitats we surveyed at Ningaloo, the spatial resolution 
required would have to be much better than the hyperspectral images validated as part 
of this study. The use of broad-scale maps as surrogates for coral reef biodiversity is 
therefore cause for concern as they may not provide a reliable assessment of coral reef 
biodiversity at the required spatial scales (McCarthy 2009, Fearns et al. 2011). 
 
This study has determined that the dominant factor driving E. mathaei distribution and 
abundance in lagoonal areas at NMP is habitat type (Chapter 3). Correlations between 
urchin densities and substrate type established that habitat type plays an important 
role in determining urchin distribution and abundance at NMP. Results indicated a 
strong  positive correlation between urchins and turf algae, urchins and limestone 
pavement and urchins and limestone pavement/turf algae combined. 
 
Multivariate analyses determined that management zoning was not a significant 
factor, as E. mathaei distribution among and between management zones was highly 
variable. Other studies have noted that high urchin densities may be related to over-
fishing and other anthropogenic influences that may affect urchin abundance  
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(Chazottes et al. 2002, Westera 2003) but the current study found that some Sanctuary 
zones at the NMP had higher urchin densities than neighbouring fishing zones, which 
suggests that fishing pressure on urchin predators may not be at high enough levels to 
exert any top-down influence on urchin ecology at Ningaloo. It is also worth noting 
that Sanctuary zones in the south of NMP were added in 2004 (Turtles Sanctuary near 
Red Bluff) so flow-on effects from fishing pressure pior to 2004 in these areas may 
have influenced urchin distribution and abundance here. 
 
The role of urchin grazing and subsequent bioerosion of substrates on lagoonal patch 
reefs at the NMP was discussed in Chapter 4. An initial pilot study demonstrated that 
using exclusion cages  to quantifying grazing rates in high energy coral reef 
environments can be problematic. Strong storm surges and tidal currents dislodged 
most of the experiment so urchin grazing rates were not successfully measured in this 
instance. The experiment was redesigned and small settlement tiles and cages were 
used effectively and to mitigate the effects of strong currents. The in situ  cage 
experiments provided some insight into the grazing activities of E. mathaei at the 
NMP although grazing rates proved difficult to quantify at such small scales. Results 
indicated that urchin grazing at the NMP appears to be minimal in terms of impacts on 
macroalgae, but important in terms of epilithic microalgae and bioerosion within their 
habitats. Previous studies at Ningaloo support this finding (Webster 2007, Johansson 
et al. 2010). In addition E. mathaei may be collecting particles suspended in the water 
column. Other urchin species such as E. lucunter are known to feed on drifting algae 
and marine snow (Asgaard and Bromley 2008); this trophic behaviour has never been 




The laboratory analyses of E. mathaei bioerosion (Chapter 4) produced quantitative 
data on bioerosion rates for the first time at the NMP. A previous study at NMP 
(Johansson et al. 2010)  estimated  E. mathaei  bioerosion from rates taken from a 
Kenyan study (McClanahan and Kurtis 1991) but rates measured from the current 
study were an order of magnitude higher in southern regions of the marine park and 
twice as high in other regions, which suggests that urchins at Ningaloo do not graze at 
the same rates reported in the West Indian Ocean. Urchins were also larger and more 
abundant in southern regions so this may have contributed to higher bioerosion in 
these areas. Urchin bioerosion at high density sites may have a localised, fine-scale 
effect on substrates within these habitats but overall the data suggests that urchin 
abundances and distribution were highly variable, which in turn suggests variable 
bioerosion throughout the NMP. 
 
The diurnal grazing patterns and animistic behaviour of E. mathaei at the NMP is 
described for the first time (in Chapter 5). Few studies have examined the nocturnal 
activities of urchins in any detail. Recent studies have reported diurnal patterns of E. 
mathaei on the Great Barrier Reef (Young and Bellwood 2011) and observational 
studies were conducted on  related species, E. lucunter and E. viridis in the northern 
hemisphere  (Shulman 1990). The field experiments (Chapter 5) were designed to 
remotely record the behaviour of E. mathaei continuously for 24 h periods.  
 
Urchins observed were more active at night and did not leave their burrows to graze; 
instead they were observed to be systematically “gardening’ turf algae within 
longitudinal burrows at night and sheltering from predators during the day. Similar 
behaviour within longitudinal burrows has been observed in other species; e.g. E.  
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lucunter (Hoskins et al. 1986), but not E. mathaei. The absence of complex refugia on 
lagoonal patch reefs suggests that E. mathaei may be creating burrows as a response 
to predation. This study has established that they burrow into limestone substrates 
while grazing on turf algae (Chapter 4) but the burrows may also provide shelter from 
predators during times of high predator activity (i.e. day time).  
 
The field experiments recorded animistic behaviour and provided evidence that E. 
mathaei will actively defend their burrows when another urchin is (experimentally) 
introduced to the burrow entrance.  The majority of interactions ended with both 
urchins occupying the same burrow but when a large urchin was threatened it would 
evict a smaller intruder. Other observational studies concluded that outcomes from 
animistic urchin interactions were size dependant (Morishita et al. 2009) and that 
behaviour appeared to be linked to urchin densities, predation pressure and habitat 
type (McClanahan and Kurtis 1991). The diurnal observational studies and animistic 
interaction experiment from this study may therefore be the first to document that E. 
mathaei  occupy and maintain longitudinal burrows, exhibit predator avoidance 
behaviour during the day and can expel smaller intruders or coexist in the same 
burrow with conspecifics of similar size. These observations highlight the need to 
conduct further research in this field as it appears that the grazing behaviour of E. 
mathaei at Ningaloo may be more closely related to northern species of Echinometra 
than previous studies have indicated (see Asgaard and Bromley 2008). 
 
Many reef systems around the world that have high urchin densities have been 
subjected to over-fishing.  Human-induced impacts such as unsustainable fishing  
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pressure can cause  changes in the abundance and species composition of urchin 
predators and therefore affect urchin abundance (McClanahan and Shafir 1990, Sala 
et al. 1998a). In addition, eutrophication can adversely affect coral reef community 
structure  (Chazottes  et al. 2002).  In contrast the NMP has not been as heavily 
impacted by eutrophication, over-fishing or other influences that have affected reef 
systems elsewhere (Webster 2007, Marriott et al. 2010). The distribution, grazing and 
bioerosion  data  presented  in this thesis suggest that E. mathaei  are likely to be 
contributing to a healthy dynamic reef system. This research provides, for the first 
time, important new data on E. mathaei ecology and has quantified urchin grazing and 
most importantly, associated bioerosion rates in different habitats within the lagoonal 
and nearshore areas of the NMP. This is important baseline information that will 
contribute to the effective management of the NMP.  
Recent literature indicates that almost 60% of the world’s reefs are under threat from 
human activities (Roberts et al. 2002) and 27% of the world’s reefs have already been 
lost through climate change related events (Hughes et al. 2007). Some areas have 
recovered from the coral bleaching event of 1998; but the Indian Ocean tsunami in 
2004 and more bleaching in the Caribbean, have slowed or reversed recovery in 
others  (Wilkinson 2008).  Well informed monitoring programmes at Ningaloo are 
therefore essential for ongoing ecosystem management.  
 
Ningaloo  Reef recently experienced prolonged higher than average water 
temperatures through the summer of 2010/2011, which coincided with an extremely 
strong La Niña event and a record strength Leeuwin Current (Pearce et al. 2011). 
Coral bleaching occurred in many areas, with macroalgae competing for space on  
173 
 
dead corals;  however  urchin populations surveyed for this thesis appeared to be 
unchanged  when urchins were collected in January 2012. The spatial extent and 
effects of the 2010/2011 heating and bleaching event are being assessed in ongoing 
research and monitoring programs, so the short or long-term implications of this event 
are yet to be determined (Pearce et al. 2011), as are the flow-on effects on urchin 
populations. 
 
The comprehensive baseline information provided in this study will contribute to a 
more realistic assessment of such events.  This thesis provides reliable, essential 
baseline information to conservation managers that will be particularly useful in 
helping to understand future management issues within the Marine Park. 
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